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Abstract

Nuclear fusion is considered to be a valuable, alternative renewable energy supply.

Operation of nuclear fusion plasmas is accomplished through the tokamak concept, which

combines toroidal and poloidal coils to confine the plasma magnetically. Tokamak plasmas

typically constitute high-order nonlinear distributed systems, which suffer from a large

number of instabilities or off-normal events requiring actively controlled stabilization.

As a result many fusion related control problems arise, which all demand a dedicated

control approach, differing from standard feedback control to more innovative solutions.

As an example of such a fusion related control problem, the active stabilization and

suppression of so-called Tearing Modes (TMs) or magnetic islands in a tokamak plasma

is considered. Enhanced efficiency of a tokamak, requires higher plasma beta, plasma

shaping and larger devices. Higher beta operation, however, leads to the manifestation

of TMs. Localized injection of electron cyclotron (EC) waves has demonstrated its

feasibility to stabilize TMs. Efficient, flexible and well-localized heating and current

drive by EC waves can be achieved applying a mechanical Electron Cyclotron Resonance

Heating (ECRH) launcher system. The work reported primarily focuses on the mechanics

and control of such a system with a 2 rotational degrees of freedom (DOF) steer-able

mirror, operated at TEXTOR. The dynamics of this instrument are measured and

modeled in terms of Frequency Response Function (FRF) estimation and equations of

motion. Nonlinear system behavior (mainly induced by friction) is characterized and

modeled. The impact of external disturbances is considered. This identification procedure

allows design and implementation of a cascaded control strategy for improved actuation

of the mechanical launcher and also provides information on the physical limitations

of the system. The report additionally presents proposals, from a control engineering

perspective, for future development of real-time TM control scenarios dedicated to the

TEXTOR ECRH installation. It is clarified that modeling, experiments and simulation

can be adopted to design controllers, which improve the functionality of the system in

real-time feedback controlled suppression and stabilization of magnetic islands.



Samenvatting

Kernfusie wordt beschouwd als een waardevolle, alternatieve, duurzame energie bron.

Bedrijf van kernfusie plasmas kan worden bereikt door toepassing van het tokamak con-

cept, waarbij toroidale en poloidale spoelen worden gebruikt om het plasma magnetisch

op te sluiten. Tokamak plasmas vormen typisch hoge orde, niet-lineaire systemen, waarin

een groot aantal instabiliteiten of ongebruikelijke gebeurtenissen kan plaatsvinden,

welke actief geregelde stabilisatie vereisen. Tengevolge daarvan bestaan er veel fusie-

gerelateerde, regeltechnische vraagstukken, die elk vragen om een gerichte regeltechnische

aanpak, variërend van standaard terugkoppelingen tot meer innovatieve oplossingen. Als

voorbeeld van een dergelijk fusie gerelateerd regeltechnisch probleem wordt de actieve

stabilisatie en onderdrukking van zogenaamde Tearing Modes (TMs) of magnetische

eilanden in een tokamak plasma beschouwd. Verbeterde efficiëntie van een tokamak

vereist hogere plasma druk, plasma vormgeving en grotere machines. Operatie met hogere

plasma druk leidt echter tot het ontstaan van TMs. Het is aangetoond dat gelokaliseerde

injectie van electron cyclotron (EC) golven de TMs kan stabiliseren. Efficiënte, flexibele

en nauwkeurig gelokaliseerde verhitting en stroom aandrijving door middel van EC

golven kan worden bereikt door het toepassen van een mechanische Electron Cyclotron

Resonance Heating (ECRH) launcher systeem. Het gerapporteerde werk richt zich in

eerste instantie op de mechanica en regeltechniek van een dergelijk systeem met een

bestuurbare spiegel met 2 rotatie vrijheidsgraden, in bedrijf bij TEXTOR. De dynamica

van dit instrument is gemeten en gemodelleerd in de vorm van Frequency Respons

Functie schatting en bewegingsvergelijkingen. Niet-lineair systeem gedrag (hoofdzakelijk

veroorzaakt door wrijving) is gekarakteriseerd en gemodelleerd. De invloed van externe

verstoringen wordt in ogenschouw genomen. Dit identificatie proces staat het ontwerp en

de implementatie van een cascaded regel strategië toe voor verbeterde aansturing van

de mechanische launcher en geeft inzicht in fysieke begrenzingen van het systeem. Het

verslag presenteert verder een aantal voorstellen, vanuit een regeltechnisch perspectief,

voor toekomstige ontwikkeling van TM regel scenarios toegespitst op de TEXTOR ECRH

installatie. Er zal worden aangetoond dat modelvorming, experimenten en simulatie

kunnen worden toegepast in het ontwerp van regelaars, welke de functionaliteit van het



iii

systeem verbeteren in de terugkoppeling geregelde onderdrukking en stabilisatie van

magnetische eilanden.
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Chapter 1

Introduction

1.1 A birds-eye view on fusion

Over the last decades, agreement has developed among experts, who predict an acceler-

ated short-fall of earth’s fossil fuel energy resources within approximately 50 years due

to the ever increasing energy demands of an increasingly urbanized world population.

Resources of fossil fuels, such as coal, petroleum and natural gas, will still remain available

for a few hundred years, but efficient exploitation for coverage of the total energy demand

will become a problem. Other experts argue that the dominant role of fossil fuels as an

energy resource has had alarmingly devastating impact on the environment, e.g. climate

changes have recently been credited to be caused directly by carbon emissions from an

industrialized, fossil-fuel consuming world.

Whatever argument used, fossil fuel supplies are finite whereas several other (renewable)

energy sources are available. At present worldwide scientific effort is undertaken to develop

energy sources with limited negative environmental side-effects. Although conventional

renewable energy from solar, wind and geothermal sources might seem ecologically

attractive, they will not suffice for coverage of the necessary energy production. Nuclear

fusion [1],[2] has gained increasing attention over the last years and became credited

as an alternative renewable energy supply with enough potential to cover future demands.

In a nuclear fusion process nuclei of two light atoms, e.g. the hydrogen isotopes deu-

terium and tritium, are fused to obtain a heavier (helium) nucleus, a neutron and (most

important) a large amount of energy as formulated in E = mc2 by Einstein. This process

is for example encountered in the core of the sun. A fusion reaction of deuterium and
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tritium typically produces 17.6MeV of energy. The reactions however can only occur for

significantly high temperatures in the order of 100 million degrees Kelvin at which the

Coulomb interaction of the fusion partners is overruled by the attracting force between

the nuclei, i.e. the deuterium and tritium mixture constitutes a plasma, the 4th state of

matter. Note that these temperatures are typically reached under vacuum conditions.

Fusion + 17.6 MeV

Deuterium

Tritium

Helium

Neutron

Figure 1.1: Thermonuclear fusion of hydrogen isotopes

Fuel for fusion plasmas is abundantly available, i.e. deuterium and tritium can be

generated from water and lithium, which are both natural resources. Another advantage

is the relatively small amount of fuel needed to produce a large amount of fusion energy.

As opposed to nuclear fission, no radioactive products are produced during the fusion

reaction, except for certain parts of the fusion reactor (such as the wall tiles), which

become contaminated but can safely and easily be disposed of within a few decades.

Furthermore, there is no risk of any nuclear accident or uncontrolled release of large

amounts of energy.
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1.2 Magnetically confined plasmas

It might be clear from the discussion sofar that realization of an energy producing

fusion device constitutes a challenging problem both from physical as well as techno-

logical perspective. Since a plasma consists of ionized particles, it is able to interact

with externally applied magnetic fields. When subjected to a magnetic field, charged

particles will follow the field lines, i.e. coils can be used to magnetically confine the plasma.

During the early fifties of the 20th century the first concepts for magnetically confined

plasmas were developed, which resulted in an experimental comparison of different types

of confinement systems during the sixties. The most promising results were obtained

by the Russian ”TOroidalnaya KAmera MAgnitnymi Katuskami”, abbreviated as

tokamak, a toroidal chamber surrounded by magnetic field coils. The tokamak concept

[3] combines toroidal and poloidal coils to produce helical magnetic field lines, which

constitute a torus shaped plasma, where the charged particles are linked to the field lines.

Plasma + helical field lines

Primary transformator winding

Poloidal magnetic field coils

Toroidal magnetic field coils

Figure 1.2: Magnetic confinement of plasmas in a tokamak
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In the decades that followed, experimental tokamaks were built at many laboratories

around the world. At the beginning of the 21th century, the concept is the most

thoroughly investigated and best understood alternative, while tokamaks have almost

reached the point at which energy balance can be obtained between the expended energy

for plasma heating plus confinement versus the energy produced as heat during the

fusion process, i.e. fusion energy has proved its technological feasibility. Using efficient,

conventional energy conversion techniques (e.g. turbine + generator), heat produced

by the fusion reaction will be converted into electrical energy. Apart from the tokamak

concept few research groups focuss on the structural more complex Stellarator.

1.3 Fusion physics and control engineering

Tokamak plasmas constitute high-order nonlinear distributed systems which suffer from

a large number of instabilities. Enhanced efficiency of a tokamak, requires higher plasma

pressure or plasma beta, plasma shaping and larger devices. Typically density and

temperature of a plasma should be increased as much as possible in order for fusion

power production to become viable. However, higher temperature and density implies

that the plasma is more and more directed towards regions of instability, which can

ultimately trigger disruptions, i.e. the plasma will rapidly loose magnetic and thermal

energy to the confining tokamak structure.

Energy production of a tokamak can be upgraded by elongation of the torus-shape in

vertical direction. The vertical positioning of this elongated plasma, however, constitutes

an open loop unstable system, which must be controlled actively in order to avoid

disruption. Furthermore, different types of plasma instabilities or off-normal events re-

quire stabilization. Control of relevant plasma parameters such as temperature, current,

pressure etc. should be addressed. Future fusion devices with continuous operation might

require design of dedicated robotics for maintenance of the fusion reactor to minimize

human-machine interaction.

This discussion might clarify that proper functioning of a tokamak can only be guaranteed

if many components of the system are actively controlled. A diffuse range of problems can

be formulated that all need specific control approaches or the design of dedicated control

techniques in order for the overall system to operate [4]- [19]. Continuing development

of emerging applications should focus on the theoretical description of basic physical
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models and sophisticated control algorithms, whereas on the experimental side, design of

actuators, sensors, diagnostics and simple practical controllers is required.

Fortunately specific control expertise, modeling of process dynamics and system identifi-

cation techniques used in different engineering disciplines can equally well be applied for

fusion control problems. From a control engineering perspective, many of these problems

seem to posses a high level of complexity, while other control related problems, to be

addressed in fusion engineering, only require quite straightforward control tools for which

a rich application field is available.

1.4 Problem formulation

The scope of this thesis is two-fold. The first objective is an attempt to give an

overview of different control problems related to fusion engineering addressed

and discussed sofar in literature. Note that this will by no means be a complete review

of all fusion control results. A raw sketch will be given of contributions for stabilization

of several types of plasma instabilities (e.g. plasma vertical positioning) and control of

certain plasma parameters. The examples from the publications mentioned here will give

an impression of the added value control engineering has to offer in this context.

The second objective is dedicated to the specific task of stabilization of a certain

type of plasma instability. As discussed previously, plasma confinement in a tokamak

is induced by the application of magnetic fields, i.e. the plasma is confined in a set of

nested flux surfaces. Higher beta operation of the tokamak plasma leads to reconnection

of the adjacent flux surfaces of this nested plasma topology, i.e. a magnetic island

or TM is generated. These plasma instabilities can hamper operation of a tokamak

and may be the cause of disruptions. Hence, suppression or controlled stabilization is

of utmost importance. Injection of microwave power or so-called Electron Cyclotron

Resonance Heating (ECRH) has demonstrated its feasibility to suppress and stabilize

TMs successfully.

At the TEXTOR tokamak (acronym for Tokamak Experiment for Technology Oriented

Research) operated at Forschungszentrum Jülich, Germany, an ECRH installation

[20],[21] is designed, installed and run by the Tokamak Physics Group of the FOM

Institute for Plasma Physics Rijnhuizen, the Netherlands. Major components of the
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installation include a powerful microwave source or gyrotron, a transmission line, an

optical box with dielectrical plates and an in-line receiver for measurement of Electron

Cyclotron Emission from the plasma, which is an essential part of the TM stabilization

strategy, as explained in detail later, and a mechanical launcher system, which is applied

as the last component of the transmission line to couple microwave power originating

from a gyrotron into the plasma.

The second part of this thesis will primarily focus on mechanics and control of

the ECRH launcher system. This system involves a 2 rotational degrees of freedom

(DOFs) steerable mirror. Part of the mechanical system is mounted within the vacuum

vessel of the tokamak. The launcher has been purposely designed and built, the actuators

and controllers have been bought commercially. The goal of this thesis is to provide

answers to questions such as

• What are the demands in terms of speed and accuracy for application of the me-

chanical launcher in TM suppression?

• Which system characteristics dominate the dynamics of the launcher and how can

these dynamics be measured and modeled?

• To what extent are the dynamics of this system influenced by the fact that the

launcher is operated in an open environment where many sources of external dis-

turbances are present?

• Can we design and implement controllers to compensate and enhance the system

characteristics encountered?

• Can control engineering in any other way improve application of the TEXTOR

ECRH installation in real-time suppression and stabilization of Tearing Modes?
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1.5 Outline of the thesis

This report is organized as follows. Chapter 2 will give an overview of the most

important control problems to be faced when operating tokamaks. The discussion will

subsequently treat plasma shape and position control, vertical position control, control

of plasma instabilities as well as system identification for tokamak problems related to

control. Chapter 3 will give a brief introduction and general remarks on suppression

and stabilization of Tearing Modes in a tokamak. Chapter 4 will give a brief description

of relevant components of the ECRH installation operated at TEXTOR, including the

mechanical launcher system with a 2 rotational degrees of freedom (DOF) steer-able

mirror.

Chapter 5 reports on a dynamical analysis and Frequency Response Function (FRF)

characterization conducted for this instrument. Results have also been obtained by

application of Multiple Input Multiple Output (MIMO) FRF pre-processing of the

measurements. An indication and characterization of different sources of external

disturbances, based on experimental verifications and observations is provided as well.

Chapter 6 derives the equations of motion for all relevant launcher system components.

The models are derived in a kinematic and dynamic analysis of the system and in terms

of measurement-based transfer function estimation. Since the FRF experiments reveal

friction induced non-linear system behavior, an additional friction term is incorporated in

these equations as well. The system identification procedure conducted, allows design of a

cascaded control strategy for improved actuation of the mechanical launcher, which is the

topic of Chapter 7, and also provides information on the physical limitations of the system.

Finally, Chapter 8 initiates a discussion on proposals for future directives of TM control,

where the mechanical launcher system is integrated in the overall TM stabilization and

suppression control loop. Ultimately controllers will have to be developed to establish

reliable, accurate and efficient suppression of TMs and enhanced stabilization of fusion

plasmas. In this context many techniques are readily available in control engineering which

can potentially offer the solutions to accomplish this goal.



Chapter 2

Control of TOKAMAK plasmas

As pointed out in the introduction a tokamak with all its relevant operational subsys-

tems, including the magnetically confined plasma itself, constitutes an open system,

from which a wealth of different types of control problems arise. Each separate fusion

related control problem requires dedicated control strategies to be defined. Control tasks

differ from straightforward designs, encountered in other disciplines in a similar mat-

ter, up to tasks providing completely new challenges requiring innovative control solutions.

Control of tokamak plasmas has provoked increasing interest among control specialists

over the last years. Consider, for example, the 1997 Conference on Decision and Control

invited session on modeling and control of tokamak plasmas in present and future

thermonuclear fusion devices [4]-[9] or the special sections on control of tokamak plasmas

in the IEEE Control Systems Magazine [10]-[19]. Literature displays contributions from

the control engineering field in plasma shape control, plasma positioning, control of

plasma parameters, such as, current, density, pressure etc., vertical stabilization of

plasmas, control of instabilities, e.g. Tearing Modes, Resistive Wall Modes, Edge Lo-

calised Modes, Sawteeth etc. Related topics including response measurement techniques,

modeling as well as application of neural networks and signal processing for model

development receive attention in publications. This chapter summarizes a number of

results obtained in this particular field of research but may by no means be considered as

a full review of all work done in this direction. Topics treated serve as illustrative examples.
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2.1 Plasma shape and position control

Efficient and safe tokamak operation requires accurate shaping and positioning of the

plasma torus. Performance of tokamak experiments can be maximized by confining the

plasma in special shaped configurations. Control of plasma shape and position avoids

plasma wall interaction and should be able to maintain adequate clearance between

the tokamak vessel wall and plasma boundary, where the boundary is defined as the

outermost closed flux surface of the helical nested flux structure entirely contained within

the innermost wall of the tokamak vessel. Note that both surfaces should not be to far

apart since the wall may serve as passive stabilization for the plasma column (i.e. the

plasma induces eddy currents in the metallic wall structure) and this will also guarantee

efficient use of the available volume. Relevant geometric parameters for control of highly

shaped plasmas include the plasma geometric center, elongation and triangularity.

Poloidal field coils of the tokamak apparatus constitute the actuators for controlled

positioning and shaping. Characteristic features of the shape control problem involve a

highly nonlinear nature of the plasma response, which is strongly coupled to the shaping

power supplies of the poloidal field coils. An appropriate plasma shape control system

guarantees robust stabilization and minimizes deviations from a given reference plasma

boundary in the presence of external disturbances. In principle the feedback control

system adopts measured magnetic field and flux values to regulate the current provided

to the poloidal field coil set. Controller design should bear in mind that the maximum

allowable poloidal field coil currents are constrained by their demands on the overall

electrical power supply system because of efficiency reasons.

An additional challenge is provided by the fact that plasma shape can not be measured

directly but requires reconstruction from discrete magnetic field and flux measurements.

Nonlinear equilibrium reconstruction codes have been defined regarding plasma and

boundary shape evolution over time but these rather complex algorithms are not suited

for practical real-time use. This is mainly due to the required computational effort and

the difficulty of deriving a linearized form usually applied for controller design. Therefore

most often simplified empirical models based on magnetic measurements are encountered

within this area, where one can distinguish between equilibrium reconstruction, equilib-

rium evolution and boundary reconstruction codes, see for example [12],[22].
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Approaches towards plasma shape control most often apply the so-called gap control

method, i.e. the plasma shape is controlled on a discrete number of plasma boundary

to first wall distances called gaps. An example is given in [13] and [23] where the

poloidal field coils are used to control the plasma shape at a number of different gaps.

Basically, relevant parameters for shape control are strongly interlaced and constitute a

multi-variable control problem. In [13] and [23], a feedback loop is designed with reference

currents for each PF coil as input and the actual PF coil current as output. Singular

value decomposition of the plant model output matrix allows application of standard

PID controllers for control of each separate input-output pair. Hence, the original

multi-variable control problem is replaced by a number of SISO problems, each requiring

a suitable PID controller design. An example of a gap control strategy implemented in

the framework of the ITER project is given in [24].

As mentioned, plasma shape control displays strong output coupling, which calls for

multiple-input-multiple-output (MIMO) approaches [25] based on linearized and validated

MIMO models of the tokamak plasma to obtain improvements in closed-loop performance

over basic control approaches. A Linear quadratic Gaussian (LQG) control methodology

for plasma current, position and shape control is described in [26]. This model-based con-

troller design uses a linearized mathematical plasma evolution model expressed in ordinary

differential equations

ẋ = Ax+Bu+ ϕ, x(0) = x0,

y = Cx+ ψ(t), (2.1)

where x is the state variable vector for the active and passive currents, y is an observable

variable corresponding to the gap values, and u constitutes the control vector containing

the voltages applied to the PF coils. ϕ(t) and ψ(t) respectively represent disturbances

and sensor noise.

Assuming ϕ(t) and ψ(t) to be white noise disturbances, the original LQG optimal synthesis

problem can be decomposed into two subproblems, i.e. an optimal control and an optimal

observation problem. The optimal control subproblem reads:

ẋ = Ax+Bu,

y = Cx, (2.2)

for which a controller K must be defined, satisfying

u = Kx, (2.3)
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and minimizing the criterion

J =

∫ ∞

0

(yTRy + c0u
TQu)dt

=

∫ ∞

0

(xTC +RCx+ c0u
TQu)dt, (2.4)

where R is a non-negative definite symmetric matrix, Q is a positive definite symmetric

matrix and c0 > 0 represents a Lagrange multiplier.

The standard solution for this general optimal control problem defines the gain matrix K

as:

K = −Q−1BTS, (2.5)

where the matrix S is obtained from the algebraic Riccati equation:

− SBQ−1BTS + ATS + SA+ CTRC = 0 (2.6)

Feasibility and efficiency of this controller for plasma shape control is proved for ITER

simulations in [26].

At the DIII-D tokamak [27] an isoflux control method is used for shape control. A

reconstruction algorithm is exploited for calculation of the magnetic flux on different

locations. The isoflux method applies multivariable control to equalize the magnetic flux

values for different control points on the same flux contour.

A slightly more advanced approach towards design of a plasma current and shape

feedback control system is presented in [28], which explicitly accounts for the problem

of current saturation in the poloidal field coils. Reconsidering that the maximum

allowable coil currents are bounded, saturation in one or more coils is likely to occur

in the presence of disturbances. A control scheme is proposed consisting of a standard

linear time-invariant (LTI) controller designed using H∞ techniques and additionally a

strategy aimed at avoiding current saturation by allowance of control system performance

degradation whenever the saturation limits are reached. In order to do so, an additional

nonlinear feedback loop is integrated in the control system design for modification of

the plasma shape reference set-points, used as an input for the poloidal field coils in the

closed loop system.

The LTI controller design uses a dedicated plant model of the tokamak magnetic system,

which combines simple lumped element circuit models for the relevant electrical passive
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and active structures (i.e. plasma, metallic structures and poloidal field coils) as described

by the CREATE-L linear plasma response model [29],[30]. This model describes electro-

magnetic interaction between plasma and surrounding currents, while internal diffusion

and transport phenomena are disregarded. The linearized circuit equations in terms of

modified inductance L and resistance R matrices read [29]:

L∗δẋ+R∗δx = δu− L∗
wδẇ, (2.7)

or in state-space form,

δẋ = Aδx+Bδu+ Eδẇ

δy = Cδx+Dδu+ Fδw, (2.8)

where the state variables δx are the poloidal field coil and plasma currents; the input δu

is the vector of voltages applied to the poloidal field coils. The output vector δy consists

of field and flux values at a number of points and some basic plasma parameters, defining

plasma position and shape. Poloidal beta βp and internal inductance li of the plasma [3]

act as disturbances w = (βp, li) on the control system.

The reduced order plant model P , which is based on the linearized state-space descrip-

tion, is now applied in an H∞ approach to design a LTI controller K(s). Robustness of

this controller has been assessed with the aid of µ-analysis [28]. The design of the addi-

tional nonlinear controller to avoid current saturation relies on the assumption that the

poloidal field coils do not suffer from large current oscillations in the presence of step

disturbances. A set of so-called emergency gaps is determined by solving a quadratic op-

timization problem. These emergency gaps serve as the control setpoints which guarantee

that the polodial field coil currents do not saturate. The optimization process involves the

determination of a number of emergency gaps subject to the limitations on the allowable

current levels as well as the maximum allowable perturbation, where the plasma is still

prevented from interaction with the tokamak wall. More details can be found in [28].

2.2 Vertical position control

It has already been mentioned that one of the basic problems requiring control in a

tokamak is constituted by the vertical positioning of the plasma. Note that the energy

production of a tokamak can be upgraded by elongation of the torus-shaped plasma in
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vertical direction. If adequate shape controllers (as described in the previous section) are

applied for the purpose of vertical elongation, the plasma still constitutes an open loop

unstable system in vertical direction, which must be controlled actively in order to avoid

disruption. Therefore stabilization of the plasma vertical position is of major concern.

The poloidal field coils once again constitute the actuators for this control problem.

Early work on stabilization of open loop vertically unstable plasmas focussed on control

design by means of experiments as well as computer simulations. Control design usually

comprises PID controllers [25] in a more or less fixed control structure, for which the

control parameters are tuned experimentally to guarantee stability.

Application of higher-order linear controllers for vertical position control, derived using

H∞ design techniques as well as stable predictive control algorithms, is for example

demonstrated in [31]. It is shown that a proportional derivative (PD) controller is not

able to stabilize the vertical position of the plasma at the COMPASS-D tokamak without

adopting internal sensors in the tokamak. In larger fusion devices application of such

simple control loops with internal sensors is not possible and therefore more complex

control strategies must be developed. Other practical problems related to the vertical

position problem include amplification of noise disturbances in the vertical position

actuator power amplifiers as well as major changes in the vertical plasma dynamics

arising whenever the plasma is in startup phase. The controllers designed in [31] take

several of these issues into account.

The design process described starts with the definition of a plasma position response

model, which is identified from experimental data. Two controllers are derived based on

H∞ and cautious predictive control (CaSC). The CaSC approach explicitly accounts

for optimization of noise handling and robustness. A performance comparison between

both types of controllers is performed both using simulation as well as experiments. It

is observed from Nyquist diagrams that both controllers are able to guarantee nomi-

nal closed loop stability. They provided similar noise attenuation and have comparable

robust stability properties. However the H∞ responses are observed to be more oscillatory.

Feedback controller synthesis, based on a set of methods available from µ−analysis, is

applied in [32] to study the robust features of the plasma vertical control problem. Based

on this analysis a fast LQG-optimal controller is synthesized, which is compared with more

conventional PD- and LQG-controllers in models of the MAST tokamak vertical feedback

control system. [33] describes an approach towards plasma vertical position control, which

besides stability of the vertical position also concerns robustness for external disturbances
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and plasma parameter variations as well as optimal control in the presence of saturation

of relay-type amplifiers. A model is used relating a control amplifier, an external force

disturbance, measurement noise and the plasma vertical position as derived in [34]:

Ipzp(s) =
K1e

−sτv

(s− γp)(s+ γn)
u(s) +

K2(s
2 + b1s+ b0)

(s− γp)(s+ γn)
d(s) +m(s) (2.9)

where

zp plasma vertical position;

Ip plasma current;

γn stable pole associated to the passive structure;

γp unstable pole associated to the vertical instability;

u external input;

d external force disturbance;

m measurement noise;

τv pure time delay.

For a sampling period h, this model (including zero order hold) can be rewritten in

discrete-time state-space form:

x(k + 1) = Φx(k) + Γu(k − ζ) (2.10)

where

xT = (x1, x2) = (zp, żp);

ζ is rounded to the largest integer of the fraction τtot/h;

τtot = τv + τa;

Based on this model a discrete adaptive near-time optimum control algorithm is derived

in [33], which operates in two state-space regimes, i.e. an inner control region including

the origin and an outer control region. The control law is defined by:

u(k) =







−u0sign[s(x)] x ∈ Ωout;

sat(KTx) x ∈ Ωin,
(2.11)

where −u0sign[s(x)] is a stabilizing relay-type sliding controller composed of two switching

hyperplanes with switching function s(x) and u0 the maximum allowable control effort

(e.g., maximum amplifier voltage). KT is a stabilizing state feedback controller. With σ

defined as the saturation threshold, sat(KTx) is defined by
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sat(KTx) =







KTx KTx < σ;

u0sign(KTx) KTx ≥ σ.
(2.12)

In [33] it is demonstrated that this controller stabilizes the vertical position, maximizes

the stability region, reduces the effect of disruptions, is able to deal with external

disturbances, is robust to plant-model mismatch and minimizes the number of times the

amplifiers switch.

2.3 Control of plasma instabilities

Since a plasma is inherently unstable and always tries to escape from the confining

magnetic field, many instabilities occur which are able to deteriorate steady-state

operation. Furthermore the part of the plasma which is closest to the metallic wall of the

surrounding tokamak vessel typically demonstrates non-steady or even chaotic behavior.

In a practical tokamak fusion reactor high temperature, high pressure and high current

are featured which increases the susceptibility of the plasma to instabilities. Control of

plasma instabilities mainly focusses on four different types, i.e. edge localized modes,

resistive wall modes, tearing modes and sawteeth [17].

In high energy confinement tokamak plasmas one can distinguish a region near the

plasma boundary where thermal and particle diffusion is reduced compared to other

locations within the plasma. The reduced transport might cause a so-called edge localized

mode (ELM) to be triggered as a result of the increased pressure distribution gradient.

ELMs typically poses a characteristic mode growth which typically is linear in some

mode growth phases but tends to nonlinear growth in a latter phase. ELMs can cause a

fast loss of plasma stored energy. Control techniques therefore focuss on the reduction

of this power loss by reducing the total ELM energy loss or by extending the time scale

at which the power is lost. Furthermore one can enhance the particle transport to raise

the ELM instability threshold to keep the pressure gradient below a critical level that

triggers the ELM.

A second major instability observed in plasmas is the resistive wall mode (RWM) [17].

This instability arises due to interaction between the resistive wall and the plasma itself,

which causes a plasma kink. The entire plasma configuration is deformed helically. The

occurrence of a RWM is furthermore related with plasma pressure. Whenever the plasma
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undergoes this non-axisymmetric distortion the current flowing in the plasma moves with

it. In turn, this current generates a moving magnetic flux and field which induce eddy

currents in the surrounding conductive structures. The growth rate of such instabilities

is typically one order higher than the growth time of the plasma deformation, hence,

feedback control can be adopted to control the RWM instability. Magnetic sensors are

applied for measurement of the magnetic field motion. A first approach towards feedback

control of RWMs uses feedback control to oppose the moving field that accompanies the

mode growth. This control strategy employs magnetic coil arrangements, which are used

to excite the non-axisymmetrical field. The second approach for RWM control makes

use of plasma rotational stabilization. Neutral beam injectors are adopted to supply the

plasma with an ample amount of angular momentum to maintain rotation of the plasma.

RWMs are stabilized correspondingly.

Since these types of instabilities and their control require a thorough understanding of

the physical phenomena encountered in fusion plasmas, a more detailed consideration

and interpretation of solutions obtained in this field is outside the scope of this thesis.

However as pointed out in the introduction the remaining part of this thesis will focuss

on control issues related to the suppression and stabilization of a third type of plasma

instability, i.e. the tearing mode or magnetic island. An introduction to this problem

will be given in Chapter 3. Finally, other instabilities have been observed in tokamaks,

which are more subtle in nature. One example is the sawtooth instability, which appears

as a regular cycle of slow rises and rapid falls of the central temperature of the tokamak

plasma. Control of the sawtooth instability evolves more or less along the same lines of

approach as used for suppression of the tearing mode instability.

2.4 System identification

Present day control of tokamaks relies on primitive models. However to exploit the

potential of modern control techniques, suitable physics based models are needed.

Verification and quantization of these models requires open loop system identification. A

physics based MIMO model for the TCV tokamak is presented in [4], which is validated

with experimental closed loop responses. A system identified open loop model is also pre-

sented. [4] furthermore demonstrates the implementation of high order SISO controllers

on COMPASS-D. The models derived here are concerned with electro-magnetic control of

the plasma vertical position. In the COMPASS-D experiments a model is derived for the
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open loop plasma vertical position response to control the coil currents. A persistently

exciting reference input signal was used to perturb the plasma vertical position and to

verify the model by experimental data. Modeling has been performed adopting both a

least square fit as well as impulse response measurement of the open loop system.

As mentioned, a MIMO model for control purposes has been developed on TCV applying

two different modeling approaches. One approach is more or less phenomenological in

the sense that a state space description is derived from the CREATE-L physics model.

The inputs of the model consist of the voltages applied to the poloidal field coils, while

several plasma variables, such as plasma current, plasma vertical position and horizontal

position and plasma shape variables function as output. Transfer functions and frequency

responses are derived from the state equations. A second approach employs system identi-

fication experiments to obtain MIMO open loop models following the method outlined in

[5], which will be discussed in more detail hereafter. Again frequency response functions

are obtained for the response of the plasma current on perturbations induced by coil pairs.

It is furthermore observed in these experiments that some coil pairs provoke a strong ver-

tical position response while other pairs demonstrate limited high frequency response only.

Frequency response identification procedures of the vertical plasma position dynamics of

a tokamak plasma are also presented in [5] and [35]. The model validation concentrates

on closed loop comparisons and open-loop experiments. The derived tokamak models

are either physics based or identified from experiments. A MISO continuous-time system

model is identified for the vertical position control problem using experiments where a

multi sinusoid signal is applied to excite the closed loop system. A least-squares fit is used

in first instance to obtain frequency response function estimates. However, more results

are obtained applying a nonlinear finite impulse response (FIR) estimation algorithm,

which originates from the field of robustH∞ control. This algorithm identifies a high-order

noncausal FIR model, which is reduced in [5] and [35] to a lower order model using Hankel

model reduction and Chebycheff approximation. A detailed treatment of this method is

outside the scope of this thesis. Interested readers will find more details in the cited papers.

As mentioned, tokamak control requires dedicated control models. However, most physics

models describe tokamak behavior in a rather detailed manner. The available models

for plasma behavior and its electromagnetic coupling with the surrounding tokamak

structure are therefore often not adequate for application in simulation and control

design. Derivation of linearized models of the system behavior results in higher order

models, which are still impractical for implementation in control schemes. [36] presents
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an approach to reduce full-order models. The proposed reduction scheme applies selective

modal analysis to determine a model which still describes system behavior with certain

accuracy. The physical meaning of the state variables of the model is preserved during

this reduction process.

System identification for real-time plasma control can furthermore benefit from other

strategies which are used in modern control engineering such as the application of neural

networks. A control scheme is discussed in [37] for real-time control of the position

and shape of a tokamak plasma. For real-time control it is important to have a fast

determination of the plasma boundary. [37] applies neural networks to extract the shape

of a plasma from the signals of magnetic sensors located around the poloidal cross-section

of the tokamak. In other words, the neural network provides a fast mapping of the

measured magnetic signals onto values of a set of geometrical parameters, such as, plasma

elongation, triangularity and the poloidal angle, describing position and shape of the

plasma boundary. After this determination procedure sufficient control actions, such as

discussed in the section on shape and position control, can be taken.



Chapter 3

Detection, stabilization and suppression

of Tearing Modes

3.1 Tearing Modes

As noted earlier, enhanced efficiency of a tokamak’s energy production, requires higher

plasma beta, plasma shaping and large confinement devices. However, these approaches

towards higher energy efficiency lead to the manifestation of new physical phenomena. It

is, for example, observed in present tokamak experiments that so-called Tearing Modes

(TMs) or magnetic islands can be generated through reconnection of adjacent flux

surfaces of the nested topology in which the plasma is confined, as depicted in Figure 3.1.

This reconnection occurs due to a disturbed current density profile, which is caused by

perturbations of the applied toroidal and poloidal fields associated with local distortions

of their current density profile. These magnetohydrodynamic (MHD) phenomena are

basically instabilities that hamper operation of a tokamak and may be the cause of

disruptions.

The tearing modes usually occur at so-called resonant surfaces within the plasma. These

surfaces are associated with rational values of the safety factor q, which defines the

fraction between the number of toroidal and poloidal turns of a magnetic field line.

Typically, TMs occurring at resonant surfaces with safety factors of q = m/n = 3/2 and

q = m/n = 2/1, as depicted in Figure 3.1(b), are of concern since they destabilize with

relatively large amplitude. Furthermore note that a magnetic island typically results

in an altering presence of so-called X- and O-points in the poloidal cross-section of a

plasma. Since islands have demonstrated to destabilize whenever a certain threshold in
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the plasma pressure is exceeded, this type of plasma instability is likely to be of concern

for proper functioning of large fusion devices such as ITER. Hence, their suppression or

controlled stabilization is of utmost importance [38].

Figure 3.1: (a) Nested magnetic field topology of a tokamak (b) Perturbed nested topol-

ogy resulting in the appearance of magnetic islands (reproduced from [39])

3.2 Detection of Tearing Modes

Detection of islands can be accomplished through measurement of the perturbations the

islands cause on the electron temperature profile. These perturbations are then measured

from the Electron Cyclotron Emission (ECE) in a certain frequency band. This electron

cyclotron emission originates from the plasma electrons which gyrate around the flux

lines of the applied magnetic field with the electron cyclotron frequency. Localization

of islands is required both poloidal and toroidal. If an island is located between two

adjacent ECE channels, fluctuations on these two channels will be 180◦ out of phase,

which can be exploited to determine the exact location and width of the TM. For the

situation where no mode is detected and no measure is available, estimates for island and

deposition location are obtained using fast equilibrium reconstruction and ray-tracing

(lookup-table). Errors in the fast equilibrium reconstruction can be reduced by Bayesian

estimation techniques. Cross-correlation among different ECE channels can be used

to increase resolution and limit the number of channels required [40]. In order for the

island detection to be precise enough, the resolution should be in the order of 10 mm

resolution in space, which for a normal ECE system requires a large amount of channels.

By correlating different channels and a swept frequency approach, resolution can be
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preserved and the number of channels reduced.

Since TMs are a result of perturbations causing the nested flux topology of a tokamak

plasma to break up, another potential diagnostic for island detection is a magnetic

sensor. Detection of TMs can, for example, be accomplished by Mirnov coils surrounding

the plasma in poloidal and toroidal directions, which measure the magnetic field

of the mode. Since Mirnov coil signals are sensitive to temporal variations of the

magnetic field (dB/dt) the signals indicate changes in the amplitude or the rotation

frequency of the perturbed magnetic field structure. For experiments shown in [41] it

has been verified that the rotation does not change significantly during mode stabiliza-

tion. Hence, the Mirnov coil signals directly monitor the variations of the mode amplitude.

Soft x-ray emission measurements by means of photodiodes can likewise be adopted

to detect magnetic islands. Variations in the central temperature of the plasma are

measured. [42] shows an example employing signals from such soft x-ray sensors to

find the location in the plasma where the level of absorption of the injected gyrotron

power is maximum. This location corresponds directly to the magnetic island position

in the plasma, since within an island, the power deposition and absorption will be

maximum. Additionally different types of equilibrium reconstruction codes are applied

to reconstruct the exact position of the perturbed flux surfaces as well as the position

of the magnetic islands. However these codes are less applicable in real-time island

detection and control schemes. An alternative ECE diagnostic, envisaged for instal-

lation on TEXTOR, is accomplished through an additional optical system, or line

of sight scheme [21]. This diagnostic involves ECE measurement in the same line of

sight used for gyrotron power deposition. Chapter 4 will discuss this system in more detail.

3.3 Suppression of Tearing Modes

Localized injection of high-power microwaves or so-called electron cyclotron waves

[43]-[44] in tokamaks has demonstrated its feasibility to restore the distribution of the

current profile by replacing the missing bootstrap current, thereby stabilizing the Tearing

Modes (TMs) or magnetic islands. The perturbed current density profile can either

be replaced by auxiliary heating in the island, i.e. the resistivity across the island is

reduced which increases the current (Electron Cyclotron Resonance Heating (ECRH)),

or by driving an additional (helical) current perturbation into the plasma parallel to
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the plasma current (Electron Cyclotron Current Drive (ECCD)), both of which can be

achieved using electron cyclotron (EC) waves or microwaves generated by a gyrotron.

An important problem for the proposed injection of high power microwaves into the

plasma is control of the alignment between the island location and the current deposition

location [45]. Efficient, flexible and well-localized heating and current drive can only

be achieved adopting accurate and precise feedback control, which should additionally

sustain alignment whenever the island stabilizes or disappears. A steer-able launcher

system is considered to be able to achieve these goals and will therefore be applied in

future tokamaks. Since experiments demonstrate that a suppressed island can grow again

after it has been suppressed successfully, alignment should also be sustained whenever

the island stabilizes or disappears as a result of the driven current. Note that alignment

can also be obtained varying the toroidal field Bt or major radius Ro of the plasma.

However, within future fusion devices like ITER, variation of plasma parameters is not

preferable, since steady-state operation could possibly be harmed, which is not desirable

in an energy producing fusion device.

Present work on suppression of magnetic islands applying ECCD or ECRH is performed

on the experimental tokamaks ASDEX Upgrade, COMPASS-D, DIII-D, FTU, JT-60U,

TCV, TEXTOR among others. Most of these experiments use similar current drive

principles. At JT-60U, for example, work has been ongoing on complete stabilization

of tearing modes by local heating and current drive [43]. This is accomplished altering

the injection angle of the EC waves used for heating to find the optimum suppression

location. The optimum EC wave injection angle was determined identifying the mode

location from an electron temperature perturbation profile and reconstruction of the

q-profile from Motional Stark Effect measurements. The optimum injection angle has also

been determined by scanning a steerable mirror through the plasma during a discharge. It

was observed experimentally that a m/n = 3/2 tearing mode was stabilized appropriately

during a typical discharge. However, this also revealed that the activity of the mode

is very sensitive to the injection angle, i.e. if the microwave absorption location is not

in line with the magnetic island location, the time needed for stabilization of the mode

increases considerably. The experiment furthermore confirms that plasma confinement is

improved whenever stabilization of TMs via microwave deposition is achieved.

Noninductive current drive by injection of radio-frequency waves for complete suppression

of m/n = 3/2 NTMs has also been demonstrated at ASDEX-U as described in [41].

Mirnov coils and ECE spectroscopy are applied to obtain measures for the variations
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in amplitude of the modes, the position and the width of an island, derived from the

temperature profile across an island. The experiments were conducted using a fixed

injection angle of the microwave beam during a plasma discharge. As confirmed by other

experiments, the position of a magnetic island is subject to variations, which complicates

the exact positioning of the microwave power deposition onto this location. During the

experiments described, alignment is achieved by a slow change of the magnetic field

during a discharge, this however additionally leads to a limited shift of the EC resonance.

It is observed that the island width, reconstructed from Mirnov and ECE measurements,

reduces considerably as a result of the application of current driven in co- and counter

directions, with only a limited amount of total additional auxiliary heating.

Suppression of m/n = 2/1 islands has been achieved at DIII-D as discussed in [44].

This mode is more difficult to suppress than the previously considered m/n = 3/2 mode

since it has a stronger mode growth rate and is located at a larger minor radius. Proper

alignment of the island location and the power deposition location is obtained by variation

of the toroidal magnetic field BT . Suppression of NTMs based on experimental work

on DIII-D is also presented in more detail in [46]. At TEXTOR controlled experiments

on the suppression of m/n = 2/1 tearing modes with electron cyclotron heating and

current drive have been demonstrated [47]. The mode was produced reproducibly during

these experiments by applying an external rotating perturbation field generated by the

so-called dynamic ergodic divertor (DED).

Experiments have also demonstrated that suppression of magnetic islands is most efficient

whenever the gyrotron power is deposited in the O-point of the magnetic island structure.

Power deposition in the X-mode is less effective and might even cause the island to

destabilize further. Therefore techniques are developed to modulate the gyrotron power in

phase with the altering presence of O- and X-points [48]. Modulation allows effective and

efficient utilization of the power deposited into the plasma and enhances the suppression

and stabilization.

3.4 Control of Tearing Modes

The results for NTM suppression discussed sofar mainly focus on physics related issues.

Discussion of the topic from a slightly more control related perspective is discussed in

[40] concerning control of NTMs in the FTU tokamak with a focus on real-time detection
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of the unstable magnetic islands. The paper primarily focusses on real-time detection of

the radial location of the unstable magnetic islands and the gyrotron power deposition,

measuring Electron Cyclotron Emission (ECE). A system architecture is designed, which

measures perturbations on two adjacent ECE channels. If a magnetic island occurs at

a rational surface between both channels, the electron temperature profile in between

the channels will be flattened, which causes a phase difference as explained earlier. The

signals are processed in the proposed design to obtain real-time information on the

location of the rational flux surfaces and the location of the ECRH power deposition.

Alignment of the island location and the power deposition is achieved by introduction

of a error variable e = risland − rdeposition, which should in principle be minimized by a

control algorithm, which also guarantees efficient use of the gyrotron power.

A preliminary control scheme is introduced in [49], which should in principle be able to

suppress tearing modes in real-time feedback based on minimization of the error variable

given above. The scheme is depicted schematically in Figure 3.2. The control system

employs a Digital Signal Processor (DSP) based unit to analyse ECE and Mirnov data,

to control the gyrotron power supplies and to allow for active actuation of a steerable

launcher to deposit the ECRH power in the plasma. The mechanics of the launcher are

taken into account in a separate part of the block scheme. The control loop additionally

contains blocks representing the plasma, the diagnostics, ray-tracing codes and several

data processing and estimation units to derive the island location and power deposition

location from the measured data. Finally a dedicated controller is added to the block

scheme to connect all subsystems and to provide each block with appropriate input signals.

At DIII-D a NTM control system is developed, which is able to determine correct

q-surface/ECCD deposition alignment and stabilize existing modes or prevent mode

growth [45]. Alignment is achieved in these control experiments by varying either

the plasma major radius R0 (and the rational q surface) or the toroidal field (and

the deposition location). An active control approach makes integrated use of two

separate control algorithms to achieve this goal. q-profiles and current deposition

location are derived from equilibrium reconstruction codes and ray-tracing codes.

A search and suppress algorithm adjusts one of the relevant alignment parameters,

to find a configuration, which corresponds to the location where current drive is

most efficient and the island is suppressed adequately. Since this algorithm encompasses

a systematic ’blind’ search, its response time is dependent of the initial system conditions.
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Figure 3.2: Control scheme proposal for real-time tearing mode suppression (reproduced

from [49])

After the magnetic island has been suppressed appropriately, alignment must be sus-

tained to guarantee continued stabilization of the mode. An active tracking algorithm

is therefore adopted to adjust the island topology and maintain its alignment with

the ECCD power deposition location, which is susceptible to parameter variations and

disturbances. The algorithm applies neural network predictors and external magnetic

sensors to estimate changes in the q-surface position during plasma evolution. [45] shows

the application of this control strategy in real-time experiments. It is demonstrated that

alignment can be achieved and maintained within an accuracy in the order of 1 [cm].

[50] presents another important DIII-D NTM control result, i.e. a closed loop simulation

model is developed in Simulink. This simulation model is able to design and test NTM

controllers applying experimental simulation data. Relevant plasma behavior is modeled

in terms of the DINA-code [51]. NTM dynamics are modeled in a separate physics

module by means of the modified Rutherford equation [39].

As mentioned, at the TCV tokamak, experiments have been conducted aiming at the

development of a real-time control system for NTM stabilization by means of a mechani-

cal ECRH launcher system. The feedback loop designed relies upon measurement of the
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magnetic island location by means of a soft x-ray measurement [42]. The corresponding

diagnostic is adopted to measure the local power deposition of the gyrotron into the

plasma. By varying the position where the gyrotron power is deposited, one can find a

maximum in this power deposition profile, where power deposition is more efficient than

in other locations. This position corresponds to the location at which an island is present

in the plasma. Feedback is used to perform the variation in power deposition location in a

closed control loop applying a proportional integral derivative (PID) controller. The TCV

installation is equipped with several gyrotrons each of which have their own steerable

launcher to achieve such closed loop alignment. This closed feedback loop additionally

takes into account a simple model of the launcher dynamics based on a stepped-sine FRF

measurement. However no additional controller is used for actuation of this mechanical

system.

[52] describes the design of a control structure for control of magneto-hydro-dynamic

(MHD) instabilities, such as magnetic islands, applying the electron cyclotron heating

and current drive installation operated at ASDEX Upgrade. This installation is equipped

with four gyrotrons as well as four steerable launchers, which are steerable in poloidal

direction. The feedback design takes into account that many of the processes relevant

for this stabilization problem operate on different time scales. The proposed structure

is similar to the design described by [49] and should in principle be able to prevent the

appearance of potentially detrimental instabilities, and once an instability has developed,

to react as fast as possible in order to suppress it.

The next chapter will introduce an ECRH installation, which is operated at the TEXTOR

tokamak for TM suppression and stabilization experiments. In contrast to most of the

designs presented previously, the TEXTOR system is equipped with a launcher system

with a 2 rotational degrees of freedom (DOF) moveable mirror, which can be moved

during plasma discharges. Since this mechanical system is used for efficient, flexible

and well-localized heating and current drive with a certain accuracy, an analysis of

its mechanical characteristics and dynamics is of utmost importance, while controllers

must be adopted to guarantee stable behavior of this motion system. This topic will be

addressed in the remaining part of this thesis.



Chapter 4

System description of the ECRH instal-

lation at TEXTOR

This chapter will briefly describe features of all relevant subsystems composing the

ECRH installation operated at the TEXTOR tokamak for controlled magnetic island

suppression or stabilization. As mentioned earlier, major components of this installation

include the TEXTOR tokamak itself, a powerful microwave source or gyrotron and a

transmission line. This transmission line additionally includes a line of sight receiver with

dielectrical plates and radiometers, which is an essential part of the NTM stabilization

strategy, as explained in detail later. Finally, a mechanical launcher with a 2 degrees of

freedom (DOF) steerable mirror is applied as the last component of the transmission line

to couple microwave power originating from the tokamak vessel.

Figure 4.1: Interior of the TEXTOR tokamak
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4.1 TEXTOR

As depicted in Figure 4.1, TEXTOR [53] is a medium-sized limiter tokamak with major

radius R0 = 1.75 [m], minor radius a = 0.46 [m], plasma current Ip < 0.8 [MA], toroidal

magnetic field B0 < 2.8 [T ] and a pulse length < 10 [s]. It is equipped with several

additional heating concepts, i.e. two neutral beam injectors (1.5 [MW ] each), two ion cy-

clotron resonance heating (ICRH) installations (2 [MW ] each) and an electron cyclotron

resonance heating installation for ECRH and electron cyclotron current drive (ECCD)

comprising two gyrotrons of respectively 110 and 140 [GHz]. TEXTOR facilitates a

dynamic ergodic divertor (DED), which aims at control over energy and particle exhaust

based on ergodization of the magnetic field in the plasma boundary by means of a set of

helical perturbation coils installed at the high-field side of the tokamak. The DED is able

to rotate the applied perturbation field in poloidal direction and therefore constitutes a

unique facility for the control of plasma transport and instabilities. Besides the previously

mentioned installations TEXTOR furthermore involves a broad range of diagnostics,

e.g. Electron Cyclotron Emission (ECE), Mirnov coils, Ultra Soft X-ray tomography,

Soft X-ray cameras, Thomson scattering, X-ray spectrometers/polarimeters, Charge

Exchange Recombination Spectroscopy (CXRS), HCN interferometers, pulsed RADAR

reflectometers, VUV-/XUV spectrometers, Bolometry, Atomic Beams etc.

4.2 Gyrotron

The TEXTOR ECRH installation [20] is equipped with two diode type gyrotrons. The

110 [GHz] gyrotron is able to produce electromagnetic wave pulses of 200 [ms] length

with a maximum power of 350 [kW], where the electronic efficiency is about 35%. The

140 [GHz] gyrotron [54] is able to generate an output level of 800 [kW] with a maximum

pulse length of 10 [s]. A gyrotron [55] is basically a vacuum tube in which electromagnetic

millimeter waves are formed. These high frequency oscillators are usually applied for

electron cyclotron resonance heating and current drive.

On the opposite side of the vacuum tube a collector is located at zero volt potential.

The potential difference between cathode and collector accelerates electrons, forming an

electron beam in the so-called cavity of the gyrotron vacuum tube. These electrons start

to radiate due to oscillations enforced upon the beam by an externally applied magnetic

field, generated by super-conducting magnets, and the cavity. The power available in the
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electron beam is only partially emitted as an electromagnetic wave, whereas the major

remaining part of the power is dissipated as heat on the collector surface. The frequency

of the emitted microwave is determined by the gyro-frequency, i.e. the frequency at which

the electrons gyrate in the applied magnetic field.

4.3 Transmission line

A quasi-optical line transmits the gyrotron power directly into the tokamak. This line

is used for microwaves originating from both gyrotrons and contains several confocal

mirrors redirecting the beam. Finally, the high-power electromagnetic wave pulse enters

the tokamak vessel through a CVD diamond window. Detection of magnetic islands or

TMs is accomplished through an additional optical system, which is partially integrated

in the transmission line, as depicted schematically in Figure 4.2. In this so-called line

of sight scheme [21] the location of an island is detected monitoring the perturbation

it causes on the electron temperature profile. The Electron Cyclotron Emission from

the plasma at the location of the ECRH deposition volume is collected by the ECRH

launcher and reflected into the reverse direction of the transmission line.

Figure 4.2: Principle of the line of sight scheme for controlled ECRH/ECCD deposition

[21]
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Halfway of the transmission line the reflected ECE emission is separated from the

transmitted gyrotron power by means of a frequency selective dielectric plate, see Figure

4.2, which has periodic minima and maxima in transmission and reflection following the

selected ECE observation frequencies. Hence, the electromagnetic gyrotron waves are

transmitted through the plate in the direction of the plasma, while the reflected ECE

emission components are send into the additional optical system containing a 6 channel

radiometer as well as a second dielectric plate for additional decoupling between the

ECE spectrum and the gyrotron component. The six radiometer channels are spaced in

a range of frequencies separated 3 [GHz] from each other and starting at a frequency

of 132.5 [GHz], they are able to measure the perturbations on the EC temperature profile.

As discussed in the previous chapters these perturbations arise since the island is a

closed magnetic structure, which allows fast heat transport over its surface. As a result

the electron temperature along the island is approximately constant, which will cause

a flattening on the radial electron temperature profile of the plasma. The rotation of

the island in the plasma causes an alternating presence of the O-point and the X-point

in front of the ECE antenna (i.e. the ECRH launcher mirror), which in turn causes

sinusoidal fluctuations on the ECE channels of the radiometer in the additional optical

circuit. In case the X-point of an island lies between two ECE channels, the fluctuations

on these two channels will be 180◦ out of phase as periodically one of the channels will

decrease in temperature, while the other will increase in temperature.

As mentioned in [40] the radiometer signals can be post-processed using island detection

algorithms based on these principles in order to indicate the exact location of the island.

A basic algorithm could for example extract the oscillations from the ECE channels and

multiply them in pairs. Whenever the oscillations are in counter-phase, presence of an

island is indicated by the negative sign of this product, whereas in-phase oscillations

yield a positive sign.

4.4 Mechanical ECRH launcher

The mechanical ECRH launcher system consists of a 2 rotational degrees of freedom

(DOF) steerable mirror that is connected to the driving shafts of two translational

actuators via a suspension of rods and hinges, see Figure 4.3. The moveable mirror

is applied as the last component of the transmission line, which redirects the high
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Figure 4.3: ECRH launcher

power microwaves originating from the gyrotron into the tokamak for well-localized,

controlled heating of the plasma. After the electromagnetic waves have passed through

the transmission line and entered the tokamak vessel through the CVD diamond window,

they will encounter a fixed copper mirror, which is used to project them onto the stainless

steel steerable mirror, with a mass of approximately 5 [kg]. Note that part of the mirror

suspension construction and the moveable mirror are located within the tokamak vessel,

where vacuum conditions are maintained. The launcher system is therefore equipped

with a vacuum break.

For the remainder of this thesis the first DOF (in the horizontal plane) will be denoted

as rotation, while the second DOF (in the vertical plane) is the elevation. The steering

range of the mirror is limited between −45◦ and 45◦ in rotational direction and from

−30◦ to 30◦ in elevational direction, where the mirror in its center position is oriented

at 0◦ elevation and rotation. The elevational DOF corresponds to movement of the

microwave beam in poloidal direction through the plasma, while the rotational degree

corresponds to the toroidal direction. Requirements for sufficient speed of response of the

launcher are defined in terms of a 10◦ rotation in 100 [ms], with a positioning accuracy

of 1◦, which is based on a typical island growth rate of 10 [ms] or more. Note that the

ECRH microwave beam can be steered at equal speed in both DOFs, which adds special

flexibility and efficiency in the application of heating and current drive on every possible

location within a plasma cross-section.

The two translational servo actuators (type MA408F Danaher Motion Kollmorgen)

actuating the mirror suspension in both DOFS consist of a rotational AC permanent

magnet synchronous motor and a spindle, which converts the rotational motion of the

motor into linear translation. The actuators used here are designed for conventional

use in industrial flexible production processes where accurate positioning is required.
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The motors encompass three phase, sinusoidally-distributed stator windings and a

rotor with permanent magnets. The spindle design consists of a hollow shaft with an

integrated ball screw nut, which allows translational motion of the spindle. The spindle

is protected against tension and distortion during axial movement by a slide bearing

whereas protection against radial forces is provided by an interior ball bearing. Appendix

A summarizes the most important technical specifications of both motors.

The servo actuators are operated in combination with a servo amplifier system, which

provides the motor with appropriate input trajectories and is able to control the servo

system in closed loop. The motors are additionally equipped with resolvers or encoders,

that enable speed control and feedback of the motor axis angular position. The ECRH

launcher system encompasses digital servo amplifiers of the type ServoStarTM 600

(Kollmorgen Seidel). This servo amplifier involves a basic cascaded control structure,

which is commonly used for motor drives because of its flexibility. The cascaded control

structure consists of three distinct control loops, i.e. position-, velocity- and current

(torque) control. The design of this particular type of control structure including the

derivation of its controllers will be discussed in Chapter 7.

High-performance ac servo drives can be achieved by vector control or field oriented

control, where the pulse width modulation (PWM) inverter is usually used. This

voltage source inverter directly provides appropriate voltage inputs to the three-phase

electro-mechanical motor [56]. The continuous voltage inputs originating from the PWM

are converted into a sequence of switching state vectors, which will however not result

in a constant motor torque and therefore these motors are always equipped with an

additional current control loop. Since a current input provided to the actuator is directly

proportional to the actual torque, which is ultimately delivered to the rotor axis, current

control will result in a constant torque. This can be understood realizing that the control

command for vector control is the stator current, which consists of two perpendicular

components in the field reference frame. The electromagnetic torque in ac motors is

provided by this current, which interacts with the field. Current control is therefore often

indicated as torque control. The performance of the current control loop impacts the

ultimate performance of the servo drive system.
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Actuation of the system is possible by providing an analog input signal to the servo

amplifiers. In ”Drive” a configuration can be chosen where the actuators act as AC

servo drives and the analog input signal is the setpoint for the current control loop. As

indicated this is similar to providing the permanent magnet synchronous motor with an

electromagnetic torque setpoint.



Chapter 5

FRF Measurements ECRH Launcher

This chapter describes experiments and measurements, which have been conducted for

the ECRH launcher to characterize and validate its most important dynamical properties

and behavior. The demonstrated results will give more insight in the physical limitations

of the system. In order to accomplish this, dedicated frequency response measurements

have been performed for several experimental scenarios. The theoretical framework, in

which frequency response functions (FRFs) are obtained from the measurement data,

is briefly described in the first section. Many of the results presented are obtained by

post-processing of the data.

After a short description of the measurement equipment used in this particular case,

several measurements are presented. First each of the DOFs (rotation resp. elevation)

is considered separately in a single input single output (SISO) sense. Results are also

given for an individual actuator, which is normally integrated in the overall system.

Note, however, that the launcher is in fact a Multiple Input Multiple Output (MIMO)

system, with two inputs (i.e. analog input rotational and elevational actuators) and two

outputs (i.e. rotation angle and elevation angle), where a strong coupling between in-

and outputs is to be expected. Therefore, a MIMO analysis is conducted where signals

are exploited, originating from different sensor locations on the mirror suspension as well

as on the steerable mirror itself, which was aided by the unique opportunity to install

accelerometers on the mirror inside the tokamak during an opening of the TEXTOR vessel.

Finally, note that the launcher system is an electro-mechanical high-precision instrument,

operated under challenging conditions in an environment where many sources of external

disturbances occur, which might affect dynamic performance. Therefore disturbance

characterization experiments have been conducted during operation of the TEXTOR
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tokamak. This might as well give an impression to what extent sensor noise induced by

these disturbances can influence control system behavior.

5.1 Theoretical framework for FRF measurements

Experimental analysis of the dynamic behavior of complex mechanical structures (such

as the ECRH launcher) makes use of frequency response measurement techniques, which

are extremely useful to study dynamical properties such as resonances [57]. Open loop

measurements of in- and output signals can be used to estimate the frequency response

function (FRF) of a system under consideration. For a linear system with excitation (or

input) x(t) and response (or output) y(t) one can write in time domain:

y(t) = h(t) ⊗ x(t), (5.1)

which is a convolution-integral with h(t) the impulse response.

Using Fourier transformation one can change the time domain in- and output signals to

the frequency domain. Expression (5.1) can now be rewritten as

Y (f) = H(f)X(f), (5.2)

where H(f) is the frequency response function (FRF). Note that the convolution-integral

in time-domain is replaced by a multiplication in frequency domain. The frequency

response function relates a (harmonic) system response to a (harmonic) system excitation.

In practice it is difficult to calculate accurate estimates for the Fourier transforms of x(t)

and y(t) since these signals are often non-transient and contain additional noise. Estimates

for the FRF are therefore obtained using the auto power spectral density Sxx(f) and cross

power spectral density Sxy(f) of both in- and output signals defined by:

Sxx(f) =
1

T
X∗

B(f)XB(f), (5.3)

Sxy(f) =
1

T
X∗

B(f)YB(f), (5.4)

where XB(f) and YB(f) are the Fast Fourier transforms (FFT) of in- and output signals

respectively. The asterisk denotes a complex conjugate and T is the time window. Note
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that Syx(f) is the complex conjugate of Sxy(f).

An estimate for the FRF can now be obtained according to:

Ĥ(f) =
Sxy

Sxx

, (5.5)

Information on the reliability of this estimation can be obtained by means of the so-called

coherence function, which is defined by:

γ2
xy(f) =

|Sxy(f)|2

Sxx(f)Syy(f)
. (5.6)

From this coherence function one can gain knowledge whether an output signal y(t) is

dominated by the exciting input signal x(t) or by noise. Numerical values for γ2
xy(f) are

limited between zero and one (i.e. 0 < γ2
xy(f) < 1). If for some frequency f : γ2

xy(f) → 1

a strong linear relation exists between the corresponding harmonic from in- and output.

If on the other hand γ2
xy(f) → 0 no linear relation exists and the output spectrum

is dominated by noise and/or nonlinearities in the mechanical system under consideration.

In control practice it is no exception that one has to deal with systems responding to

multiple inputs. Frequency Response Functions can therefore also be described in terms

of multi input system relations [58]. Consider, for example, a n-dimensional input vector

x(t) = [x1(t), x2(t), . . . , xn(t)]′, (5.7)

while an output vector of the same dimensions is denoted as y(t).

Next a n-dimensional frequency response function vector is defined by

H(f) = [H1y(f), H2y(f), . . . , Hny(f)]′. (5.8)

The cross power spectrum vector of in- and outputs can also be described in n-dimensions

Gxy(f) = [G1y(f), G2y(f), . . . , Gny(f)]′. (5.9)

Finally define a n× n matrix of the power and cross power spectra of all inputs by

Gxx(f) =













G11(f) G12(f) . . . G1n(f)

G21(f) G22(f) . . . G2n(f)
...

...
...

Gn1(f) Gn2(f) . . . Gnn(f)













(5.10)
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This matrix is Hermitian since it equals its conjugate transpose. This implies, for

example, that the eigenvalues of Gxx(f) are real numbers, should these parameters be of

interest in an application.

The system of linear equations to obtain a least squares solution for the frequency response

estimate is the matrix equation

Gxy(f) = Gxx(f)H(f), (5.11)

which is equivalent to













G1y(f)

G2y(f)
...

Gny(f)













=













G11(f) G12(f) . . . G1n(f)

G21(f) G22(f) . . . G2n(f)
...

...
...

Gn1(f) Gn2(f) . . . Gnn(f)

























H1y(f)

H2y(f)
...

Hny(f)













. (5.12)

The solution to this system of equations is

H(f) = G−1
xx (f)Gxy(f), (5.13)

which yields the MIMO frequency response function estimates for the mechanical system

under consideration.

5.2 Experimental equipment

The FRF measurements described in this report have been conducted using the spectral

analysis tool SIGLAB. This module is able to generate excitation signals such as sine

waves or random noise, which can be fed directly towards the input of a mechanical

system using the two SIGLAB output channels. Furthermore SIGLAB is equipped with

four input channels, which can be used to measure the excitation signals from the

SIGLAB output channels as well as sensor signals from the output of the mechanical

system under consideration. As discussed in the previous section one can retrieve an

estimate for the FRF of a mechanical system from these data. In SIGLAB all calculations

to find the FRF estimator are done automatically. The time-domain in- and output data

are processed directly to obtain auto- and cross power spectra, estimates for the FRF

with magnitude as well as phase plots, coherence functions etc., which can be exported

to MATLAB for further analysis.



5 FRF Measurements ECRH Launcher 39

During the experiments excitation signals generated by SIGLAB where used as analog

input signal for both ServoStarTM 600 servo amplifiers. The mechanical output behavior

of the ECRH launcher was measured on different locations on the driving shafts and

mirror using several linear piezoelectric accelerometers (type 4382 Brüel & Kjær) as well

as a rotational accelerometer. Charge amplifiers (type 2635 Brüel & Kjær for the linear

accelerometers and Kistler for the rotational accelerometer) where used to amplify the

sensor signals before acquiring them through the SIGLAB input channels.

5.3 SISO frequency response for the rotational DOF

Figure 5.1 shows a typical FRF measurement obtained during an experiment, where the

system was actuated in its rotational DOF by a jogging mode signal consisting of a sine

wave (1 [Hz]; 200 [mV]) plus superimposed random white noise (0-200 [Hz]; 0.8 [Vrms];

-30 [mV] DC offset). This signal serves as the analog input of the current control loop,

which provides this signal directly as a torque input to the actuator. The output signal for

estimation of the input-output relation is generated by a linear accelerometer, mounted at

the end of the actuating shaft of the servo actuator, i.e. the acceleration is measured just in

front of the suspension of rods and hinges, which transforms the translational motion of the

actuator into rotation of the launcher mirror. The FFT conditions used to obtain the FRF

estimates in this chapter involve estimation of the system response in a frequency range

or bandwidth of 200 [Hz] with a record length of 512 samples. The data are processed,

averaging over 100 frames with overload rejection and maximum overlap. The ’Boxcar’

function is used as a window function in the FRF analysis. Measurements are obtained

for two distinct scenarios, where the launcher system is first considered completely (solid

line), while a second scenario considers the actuator solely, i.e. the connection between

mirror suspension and actuator is decoupled (dashed line).

The frequency response functions in Figure 5.1 are displayed on a linear as well as a

logarithmic scale. The plots clearly reveal that if a coupling between mirror suspension

and actuator is present, certain dynamics are obviously added to the system. Note that

the dynamics of the overall launcher system clearly display an anti-resonance at 22 [Hz],

while in the region around 60 [Hz] the dynamics of the system are also clearly influenced

by the presence of mirror and suspension. From the phase plots one can observe phase

transitions occurring near the previously mentioned frequencies, which also indicates

that around these frequencies the system typically possesses rich dynamic behavior. Note
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Figure 5.1: FRF rotational DOF actuated in jogging mode (a) linear axis and (b) loga-

rithmic axis

that, starting at −90◦, the phase is decreasing smoothly over all measured frequencies,

which suggests the presence of a time-delay (observed for both operating scenarios).

In order to expand the insights obtained sofar, Figure 5.2 visualizes several FRF

measurements, where the rotational DOF of the system is subsequently excited using

uniform random noise with different (increasing) root mean square (RMS) levels of the

signal amplitude. The RMS values are chosen from a range of peak-to-peak voltages

between 0.05 [V] and 1.2 [V]. The measurements are conducted similar to the previous

result but, the frequency response functions are now integrated twice in the frequency

domain to derive the relation between actuator input and driving shaft position instead

of its acceleration.

Globally, the dynamic behavior encountered in terms of resonances is similar to the results

gathered before. However, the resulting Bode diagrams in Figure 5.2 show a transition

towards higher frequency response amplitude levels whenever the RMS level of the excita-

tion signal is increased. This transition demonstrates a nonlinear dependence with respect

to the linearly increasing RMS noise levels. In other words, the behavior is typically en-

countered for low excitation levels, while higher excitation levels show less impact on the

obtained frequency response. It is also worth noting that this effect is especially encoun-

tered in the lower frequency range. Furthermore, observe that increasing the excitation

RMS value seems to have an effect on the frequency at which the anti-resonance occurs,

i.e. in the range 20-22 [Hz] the anti-resonance is shifted towards higher frequencies.
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Figure 5.2: FRF measurements rotational DOF for noise excitation with increasing am-

plitude (2D)
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Figure 5.3: FRF measurements rotational DOF for noise excitation with increasing am-

plitude (3D)



5 FRF Measurements ECRH Launcher 42

The nonlinearity of the subsequent FRF measurements is even more pronounced when

plotted in a configuration as depicted in Figure 5.3. The observed nonlinear dependence

with respect to the linearly increasing RMS values of the noise excitation appears to

be dominant in the frequency envelope 0-20 [Hz] and for low excitation levels. This

justifies the hypothesis that this behavior might be caused by static friction, i.e. for

low amplitudes of excitation, the system operates in the stiction zone, whereas, after a

transition zone with stick-slip behavior, the system operates in full slip if a certain friction

force threshold is exceeded. Obviously, as confirmed by the measurements, system motion

suffers of these frictional disturbances in the lower frequency and amplitude range.

Note that the friction characteristics encountered are of typical concern for tracking of

TMs, since tracking requires only small launcher movements, which justifies the need for

friction characterization and modeling.

5.4 SISO frequency response for the elevational DOF

The previously performed FRF characterization for the rotational DOF is repeated for the

elevational DOF, yielding the result depicted in Figure 5.4. Once again noise signals with

amplitudes of different peak-to-peak voltages were used to excite the system. However,

the amplitudes cannot be chosen as large as in the rotational DOF since the elevation

is limited to a smaller angular range. Therefore the operational range of peak-to-peak

voltages is now chosen between 0.1 [V] and 0.7 [V]. The estimated FRF’s demonstrate

comparable dynamical behavior with the rotational DOF. The encountered resonances

occur approximately at the same frequencies of 22 [Hz] and 60 [Hz] as observed earlier.

Observe again the smooth decrease in the phase, which indicates the presence of a time-

delay. The elevation possesses comparable nonlinear transitions in the magnitude of the

obtained frequency responses when excited using noise with increasing RMS levels. These

results confirm that the launcher design is quite symmetrical for both axes of motion.

5.5 SISO frequency response for a single servo actuator

Section 5.3 already displayed a frequency response measurement for a single actuator

without coupling to the mirror suspension of the ECRH launcher. This section considers

the dynamical features of the individual servo actuator based on noise excitation with

multiple RMS levels. Figure 5.5(a) shows the resulting FRF estimates for RMS levels in a
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Figure 5.4: FRF measurements elevational DOF for noise excitation with increasing am-

plitude

range from 0.1 to 1.0 [V]. An attempt for a reliable, direct comparison between individual

actuator dynamics and the dynamics of the overall ECRH launcher is made in Figure

5.5(b).
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Figure 5.5: FRF measurements for (a) an individual servo actuator and (b) Actuator

(red) vs. ECRH launcher response (black)

From the shape of these graphs one might directly conclude that the dynamic behavior of

the overall ECRH launcher is in general dominated by its servo actuators since several of
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the dynamical properties encountered for the launcher are equally well observed for the

actuator. The Bode diagram FRF amplitudes lie at approximately the same levels, while

the phase plots also give an identical image for both situations. Notably the smooth phase

shift over the range of measurement frequencies encountered earlier is likewise found for

the individual actuator. The similarity ends for those frequencies at which resonances

occur in the launcher system. Hence, one may conclude that the servo actuators typically

behave as a linear system in a large frequency range, while the bandwidth of the overall

launcher system is limited due to resonances, which can directly be attributed to the

additional dynamics of the mirror suspension. Furthermore, notice that the nonlinear

transitions, which might be related to static friction, occur at the same rate for both

cases, which leads to the conclusion that the servo actuators dominate the static friction.

5.6 MIMO frequency response for the ECRH launcher

It has already been pointed out that the launcher is in fact a Multiple Input Multiple

Output (MIMO) system, with two in- and outputs. Based on the earlier described theory

for FRF estimation of MIMO systems, experiments have been conducted, which exploit

sensor measurements on different locations. For both DOFs, uniform random noise signal

once again serves as analog input of the current control loop, which provides the signal

directly as a torque input to the actuators. As mentioned before, note that both DOFs

can not be excited at the same excitation level, since the elevation is limited to a smaller

angular range. A first result is obtained for an experimental setup, where both DOFs are

actuated at the same time with amplitudes of 0.6 [V] for the rotation and 0.4 [V] for

the elevation, while two accelerometers are mounted on the driving shafts of the servo

actuators to provide the output signals as previous.

Figure 5.6 shows four frequency response functions, which can be derived for the distinct

in- and output sets. The FRF measurements, displayed as thin lines, are post-processed

using the earlier mentioned MIMO routine to derive MIMO FRF estimates (thick

lines). The FRFs for the auto-term input-output sets, i.e. the rotation-rotation and

elevation-elevation pairs, agree with the SISO results. Both response relations reveal

comparable behavior in terms of resonances and phase transitions. Major dynamical

events are observed again around frequencies of 22 and 60 [Hz].
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The FRFs for the cross-term pairs are depicted in the plot as well. One can conclude that

the only contribution to the cross-coupling between the DOFs is limited to two resonant

events arising around 22 [Hz] and 60 [Hz]. One might draw the conclusion that there is

a causal connection between these resonances and the anti-resonances observed in the

auto-term FRFs because these events occur at the same frequencies. Note that MIMO

post-processing typically should retrieve an enhanced frequency response estimate, since

this method allows complete separation of all input-output pairs, while in the SISO case

the quality of an estimate can suffer from the fact that it can be influenced by all in- and

outputs.
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Figure 5.6: Multi-axis FRF measurements and MIMO post-processed estimates; both

DOFs actuated

The MIMO estimates obtained here, however, only show a slight improvement in com-

parison with the SISO estimates, which is typically observed in the coherence function

graphs. Nevertheless, the largest differences are shown in the cross-term FRFs. This is

an obvious result since the auto-term SISO estimates are usually dominated by only one
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of the inputs where the other input serves as a disturbance, while the cross-term SISO

FRF estimates are influenced by both inputs at approximately the same level. The fact

that the auto-term FRFs are estimated correctly using the SISO and MIMO method plus

the fact that the MIMO-results for the cross-term FRFs do not show much improvement

confirms that cross-coupling between both DOFs is limited. The system might there-

fore be considered to consist of two SISO systems with almost identical dynamic behavior.

The results are confirmed by experiments where the DOFs are excited separately instead

of simultaneously. In Figure 5.7 two plots are shown of an experiment, where the

elevational DOF is excited only (uniform random noise with an amplitude of 0.5 [V]).

The first graph shows a cross-term FRF estimate for the response of excitation versus

an acceleration measurement on the driving shaft of the rotational DOF of the mirror

suspension. The other plot visualizes the response for the auto-term elevation-elevation.

Note that this experiment yields higher quality FRF estimates compared to the corre-

sponding graphs in Figure 5.6, since the measurement of the rotational acceleration is

not disturbed by any other input and is solely excited by an elevational actuation signal.

The experiment reveals that the similarity in the dynamics of both axes of motion also

holds for the cross-term FRFs.
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Figure 5.7: Multi-axis FRF measurements and MIMO post-processed estimates; elevation

actuated only

Figure 5.8 displays the results of an experiment, where FRF measurements were per-

formed starting from two different initial orientations of the launcher mirror to check the

possibility of position-dependent dynamics. Both actuators are actuated simultaneously

and acceleration measurements are again performed by accelerometers installed on the

driving shafts of the servo actuators. As shown the dynamical behavior is almost identical
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for both situations. Therefore one might conclude that, besides the observed symmetry,

the system dynamics are also independent of the mirror orientation in both axes of motion.
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Figure 5.8: Multi-axis FRF measurements with different initial positioning; both DOFs

actuated

Another experiment was conducted to verify the dynamics of the launcher system by

measuring accelerometer signals on the driving shafts of both servo actuators as well

as on the mirror surface itself. Therefore linear accelerometers where first mounted on

the top and bottom side of the mirror to measure linear accelerations in the elevational

plane of motion. An additional rotational accelerometer was mounted in the center of the

mirror to measure the rotational acceleration in the elevational direction as well. Due to

space limitations these results are not presented in this thesis.
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5.7 Disturbance characterization

The launcher system is operated in an environment where external disturbances of various

nature might affect dynamic performance and can harm smooth system operation in a

feedback loop. Consider for example the strong magnetic field surrounding the tokamak

vessel. The applied magnetic fields are typically in the order of several Tesla. An electro-

magnetic servomotor installed in close vicinity of such magnetism might possibly show

field related response. Magnetic fields, diagnostics, electrical equipment and the plasma

itself might all, to some extent, superimpose noise and other frequency components onto

sensor signals. External forces or forces caused by induced currents interacting with the

mechanical part of the launcher can likewise affect servo system operation. Disturbance

characterization experiments have therefore been conducted during operation of the TEX-

TOR tokamak, to give an impression as to what extent sensor noise originating from such

disturbances can influence control system behavior. Furthermore it is well-known that

during disruptions of a plasma, excessive forces can arise, which potentially cause severe

damage. Hence, during normal operation of the plasma, plasma forces of any kind might

as well be of concern for smooth motion of the launcher system.

This section describes the detection of disturbing phenomena encountered when perform-

ing experiments with the ECRH launcher during TEXTOR operation. Figure 5.9 shows

the power spectral density of an acceleration measurement with a linear accelerometer

mounted on the driving shaft of the rotational servo actuator. It is worthwhile to note

that the magnetic sensitivity of the Brüel & Kjær accelerometer used, lies between 0.5 and

30 [ms−2] per Tesla, which is a worst case scenario with a magnetic flux in the direction of

the maximum sensitivity. The experiment conducted here employs the launcher system,

which is not excited by any type of input signal, whereas, TEXTOR is also not operated.

Hence, no external disturbances are considered to be present in the acceleration measure-

ment, which will only suffer from sensor noise. Note that a clear electric grid component

of 50 [Hz] (including higher order harmonics) is present. However, additional low energy

frequency components can also be distinguished from the power spectral density plot in

Figure 5.9, which do not originate from the 50 [Hz] harmonics.

Figure 5.10 plots time domain signals of a signal measured during a TEXTOR discharge

from a linear accelerometer located on the actuator driving shaft of the rotational axis

of motion. The launcher is not purposely excited using an input signal. Hence, all

contents of the sensor signal can be attributed to disturbances. The graph depicted here
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Figure 5.9: Power spectral density for a linear acceleration measurement without excita-

tion and plasma presence

is created using the data of TEXTOR shot number #103079. The plasma current and

toroidal magnetic field are depicted as well. At 0 seconds, the plasma is initiated. The

magnetic field is ramped up towards a maximum value of 1.9 [Tesla] where it is remained

constant during the plasma discharge. Note that the magnetic field on the location of

the accelerometer as well as on the location of the servo actuators is expected to be

much lower than this value. However, the accelerometer signal clearly responds to the

ramp up of the magnetic field and the presence of the plasma. A peak is observed in the

accelerometer signal when the plasma disappears. The toroidal magnetic field is ramped

down and the signal amplitude returns to its original level.

Power spectral densities (PSDs) and a time-frequency mapping are depicted in Figure

5.11 respectively 5.12 to obtain insights in the frequency components of the signal and

their propagation in time. PSDs are derived for a time frame before plasma and during

plasma operation. Note that both plots show a clear periodic electric grid component
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Figure 5.10: Time domain linear acceleration measurement with plasma presence; with-

out excitation

at 50 [Hz]. Whereas the signal’s frequency content remains at a low energy level before

plasma, ramp up of the magnetic field lifts the signal to a higher energy level and adds

additional frequency components, including a periodic component near 600 [Hz]. After

breakdown of the plasma, even more energy is added, including a strong periodic at

1300 [Hz], which probably originates from the vertical field control system. Note that

the energy content of the disturbing phenomena is most likely not high enough to cause

actual mirror motion or induce currents in the mechanical parts of the launcher.

The observed disturbances might affect control system behavior and therefore it is prefer-

ential to invest in the design of proper filtering, disturbance rejection and data acquisition

techniques. One could, for example, employ low-pass filtering to reduce the operational

frequency band of the control signals. In this context it is important to realize that the

launcher is a motion system, which typically demonstrates a rather low bandwidth or

speed of response as formulated in the requirement of a 10◦ rotation in 100 [ms] with a
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positioning accuracy of 1◦. Filtering of its control signals with a rather low cut off fre-

quency of, for example, 200 [Hz] will not affect system functionality and performance.
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Figure 5.11: Power spectral density for a linear acceleration measurement with plasma

presence; without excitation
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Figure 5.12: Time frequency spectrogram for a linear acceleration measurement with

plasma presence; without excitation

Figure 5.13 displays again a time-domain accelerometer signal and corresponding power

spectral density before and after plasma break-down, but now for measurements (TEX-

TOR shot number #103090) where the rotational DOF is excited using random noise

with a bandwidth up to 200 [Hz] and an amplitude of 1.0 [Vpp]. Note that the previously

observed difference in magnitude between the power spectral density before and after

plasma break-down is not found in this case. This might indicate that the disturbances

detected before typically occur at a lower energy level than the forces induced upon the

system by the random noise excitation signal and are therefore not observable in the

measurements depicted in 5.13.

Using the excitation input signal and the accelerometer output measurement, one is also

able to derive the frequency response functions shown in Figure 5.14. FRFs are estimated

outside the plasma-present phase and for a situation where plasma is present in the

tokamak vessel. Note that the general shape of these responses is similar but with plasma
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presence the FRF displays more high frequent dynamics and shows sharper peaks near

the resonance frequencies.
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Figure 5.13: Time domain and power spectral density for a linear acceleration measure-

ment with plasma presence; with excitation
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Figure 5.14: Frequency response estimates for a linear acceleration measurement with

plasma presence; with excitation

Figure 5.15 gives another example as to what extent parasitic disturbances can influence

relevant control signals. As observed in the plot, potentiometer signals, which yield

information on the position of the actuator driving shafts, show a periodic transient

and increased amplitude whenever the coils of the Dynamic Ergodic Divertor (DED) of

TEXTOR are activated, while the launcher is performing a motion task. As mentioned
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earlier, the DED is used in TEXTOR to trigger magnetic islands. The DED obviously

induces a disturbance on the sensor or disturbs the actual motion of the actuators. The

result depicted for TEXTOR shot number #103523, compares to other measurements.

As shown in the power spectral density plot in Figure 5.16, the DED signal, which is

sampled at 10 [kHz], encompasses a periodic 975 [Hz] component, which corresponds to

the frequency at which the DED is operated. Within both potentiometer signals, however,

major harmonic components are distinguished near 25, 80, 160 and 260 [Hz]. The periodic

oscillation observed in the potentiometer signals during operation of the DED corresponds

to the lowest frequency component of 25 [Hz]. The frequency content is comparable for

both potentiometer signals.
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Figure 5.15: Time domain signals of DED current and the rot. plus elev. pot. meters

From these observations it is not obvious how the additional frequencies in the poten-

tiometer signals might possibly correspond to a disturbance induced upon these signals

by the DED. Nevertheless this correspondence is clearly observed in the time-domain

plot. One possible explanation is related to the sample rate at which the potentiometer

signals are acquired in the data acquisition structure of the installation. The sampling

frequency for both potentiometer signals is 1 [kHz]. Note that the DED is operated at a

frequency of 975 [Hz]. If the DED indeed influences the system, in most common cases, a

975 [Hz] disturbing frequency would add up in the system response and therefore in the

output signals. However, since the frequency of the phenomenon to be observed is almost
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equal to the sampling frequency at which the potentiometer signals are acquired, so-called

frequency aliasing might arise in the measured signals.
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Figure 5.16: Power spectral density of the DED current and the rot. plus elev. pot. meters

As stated in the sampling theorem of Shannon, frequency components greater than

one-half the sampling frequency, known as the folding or Nyquist frequency, will be

aliased or folded backwards to a lower frequency. So, in order to avoid this type of

error during acquisition of data, the sample frequency should always be at least twice

the maximum frequency contained in the signal. Since this is not the case for the

measurements conducted here, some of the system’s frequency content might therefore

display aliased frequencies originating from the 975 [Hz] DED component, which indeed

should appear as a folded frequency component at 25 [Hz]. The displayed frequencies do

not correspond to actual motional behavior of the system.

The observed disturbances again argue that it is preferential to invest in the design of

proper filtering, disturbance rejection and data acquisition techniques especially for sig-

nals applied in a control structure, such as the system to be developed for controlled

stabilization and suppression of tearing modes.



Chapter 6

Modeling the ECRH launcher dynamics

The previous chapters served well to obtain insight in the technical features and the

real dynamical properties of the ECRH launcher system. In order to take the chosen

approach one step further, this chapter will derive models in terms of equations of

motion for the most important components of the launcher system. Together with the

experimental verifications, the models will be exploited as a sufficient description of the

system dynamics, which in turn is of particular importance for the design of robust,

stabilizing controllers, to enhance system performance.

Subsequently the equations of motion are derived for the mirror suspension including the

mirror itself in both DOFs, as well as, for the electromagnetic and mechanical parts of

the servo actuators. The model is completed with a friction model.

6.1 Dynamics of the mirror suspension

6.1.1 Kinematic model

First of all the kinematics of the mirror motion must be formulated [59]. Define a fixed

reference frame ~e1, which is representative for the orientation of the base platform of the

launcher system. A body-fixed frame ~e4 can be assigned to the launcher mirror. Both

frames are visualized schematically in Figure 6.1. Based on this definition the position

of the mirror with respect to the base platform of the launcher can be described. The

position of the mirror’s center of mass is given by

~rCM = [x y z] ~e1, (6.1)
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while the orientation of the body-fixed frame of the mirror ~e4 is represented by

~e4T = R ~e1T , (6.2)

where R is the so-called rotation tensor. Alternatively one can write

~e1T = A41(ϕ, ξ, θ) ~e1T , (6.3)

with the direction cosine matrix A41 = RT and R = ~e1 R ~e1T . Parametrization of the

rotation tensor R (or the direction cosine matrix A41), requires Tait-Bryant angles for

which the following sequence of rotations is defined:

1. rotation of ~e1 about ~e11 by an angle ϕ, resulting in ~e2 (elevation DOF),

2. rotation of ~e2 about ~e22 by an angle ξ, resulting in ~e3,

3. rotation of ~e3 about ~e33 by an angle θ, resulting in ~e4 (rotation DOF).

Note that the frames ~e2 and ~e3 represent intermediate frames. Realize furthermore, that

the angles θ and ϕ, respectively, correspond to the rotation and elevation DOF of the

launcher mirror, while ξ is the virtual third rotational DOF of this rotating body in

space, which is constrained when considering ECRH launcher motion. Nevertheless, for

completeness of the kinematic description, the derivation started will proceed keeping

this third DOF into account. At the stage at which the actual equations of motion

for the ECRH launcher will be defined this additional DOF will be skipped from the

consideration.

Figure 6.1: Schematic view of the ECRH launcher
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Based on these considerations, the corresponding direction cosine matrix is given by:

A41 (ϕ, ξ, θ) = A43(θ)A32(ξ)A21(ϕ)

=







cos(θ) sin(θ) 0

−sin(θ) cos(θ) 0

0 0 1













cos(ξ) 0 −sin(ξ)

0 1 0

sin(ξ) 0 cos(ξ)













1 0 0

0 cos(ϕ) sin(ϕ)

0 −sin(ϕ) cos(ϕ)







=







cos(ξ)cos(θ) sin(θ) −sin(ξ)cos(θ)

−cos(ξ)sin(θ) cos(θ) sin(ξ)sin(θ)

sin(ξ) 0 cos(ξ)













1 0 0

0 cos(ϕ) sin(ϕ)

0 −sin(ϕ) cos(ϕ)







=







C(ξ)C(θ) C(ϕ)S(θ) + S(ϕ)S(ξ)C(θ) S(ϕ)S(θ) − C(ϕ)S(ξ)C(θ)

−C(ξ)S(θ) C(ϕ)C(θ) − S(ϕ)S(ξ)S(θ) S(ϕ)C(θ) + C(ϕ)S(ξ)S(θ)

S(ξ) −S(ϕ)C(ξ) C(ϕ)C(ξ)






,(6.4)

where for the sake of clarity the sine and cosine terms are replaced by the acronyms S and

C. The translational velocity vector of the center of mass of the mirror can be expressed

by:

~̇rCM = [ẋ ẏ ż] ~e1. (6.5)

In terms of angular velocities, the vector 41~ω of the body-fixed frame ~e4 with respect to

the fixed reference frame ~e1 (i.e. the angular velocity of the mirror with respect to the

base platform) reads:

41~ω = ~e11 ϕ̇ + ~e22 ξ̇ + ~e33 θ̇

= ~e1T







ϕ̇

0

0






+~e2T







0

ξ̇

0






+~e3T







0

0

θ̇







= ~e1T







ϕ̇

0

0






+~e1TA21







0

ξ̇

0






+~e1TA21A23







0

0

θ̇






. (6.6)
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The angular velocity 41~ω can as well be rewritten in terms of the frame ~e4:

41~ω = ~e11 ϕ̇ + ~e22 ξ̇ + ~e33 θ̇

= A12A23A34~e4T







ϕ̇

0

0






+ A23A34~e4T







0

ξ̇

0






+ A34~e4T







0

0

θ̇







= ~e4T







C(ξ)C(θ) −C(ξ)S(θ) S(ξ)

C(ϕ)S(θ) + S(ϕ)S(ξ)C(θ) C(ϕ)C(θ) − S(ϕ)S(ξ)S(θ) −S(ϕ)C(ξ)

S(ϕ)S(θ) − C(ϕ)S(ξ)C(θ) S(ϕ)C(θ) + C(ϕ)S(ξ)S(θ) C(ϕ)C(ξ)













ϕ̇

0

0







+ ~e4T







C(ξ)C(θ) −C(ξ)S(θ) S(ξ)

S(θ) C(θ) 0

−S(ξ)C(θ) S(ξ)S(θ) C(ξ)













0

ξ̇

0






+~e4T







C(θ) −S(θ) 0

S(θ) C(θ) 0

0 0 1













0

0

θ̇






.(6.7)

Hence, ω4 can be expressed as:

ω4 =







ϕ̇C(ξ)C(θ) − ξ̇C(ξ)S(θ)

ϕ̇(C(ϕ)S(θ) + S(ϕ)S(ξ)C(θ)) + ξ̇C(θ)

ϕ̇(S(ϕ)S(θ) − C(ϕ)SξC(θ)) + ξ̇S(ξ)S(θ) + θ̇






, (6.8)

which can be expressed alternatively as ω4 = Θ θ̇ with θ̇ = [ϕ̇ ξ̇ θ̇]T and:

Θ =







C(ξ)C(θ) −C(ξ)S(θ) 0

C(ϕ)S(θ) + S(ϕ)S(ξ)C(θ) C(θ) 0

S(ϕ)S(θ) − C(ϕ)S(ξ)C(θ) S(ξ)S(θ) 1






. (6.9)

6.1.2 Dynamical model

CMJ is the inertia tensor of the mirror with respect to its center of mass CM . The inertia

tensor can depend on time. Its matrix representation 4
CMJ is defined by

CMJ = ~e4T 4
CMJ ~e

4, (6.10)

which is constant because ~e4 is a body-fixed frame.

When ~e41, ~e
4
2, ~e

4
3 are chosen to be the eigenvectors of CMJ (i.e. the frame ~e4 represents the

principal axes of inertia of the moving mirror) the inertia matrix 4
CMJ can be written as
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a diagonal matrix

4
CMJ =







J1 0 0

0 J2 0

0 0 J3






, with known Ji, i = 1, 2, 3. (6.11)

Assume that the mirror can be modeled as a very thin cylinder. The mass-density of the

mirror is assumed to be homogeneous over its volume. From mass-geometry of standard

geometries one can derive the moments of inertia

J11 = J33 =
1

4
mr2 +

1

12
md2, (6.12)

J22 =
1

2
mr2. (6.13)

The motion of the mirror is controlled by three actuators between base platform and the

moving mirror. Actuator j(j = 1, 2, 3) is connected to the base platform via a joint at Bj.

The vector ~bj from the origin O of the reference frame ~e1 to the center of the joint Bj is a

constant vector ~bj = b1T
j ~e

1 with constant b1j . The other end of the actuator j is connected

to the moving mirror, via a joint Aj. The vector ~aj, j = 1, 2, 3 from the center of mass of

the mirror CM to the center of this joint Aj is constant with respect to the body-fixed

frame ~e4:

~aj = a4T
j ~e

4 or a4
j = ~e4 ~aj. (6.14)

The actuators have their translational degree of freedom along the axis of the actuator. It

is assumed that actuator j can only exert force in the direction of the line that connects

Aj with Bj. The actuator forces ~Fj cause a resultant moment ~Mj to work on the mirror.

The resultant moment with respect to the center of mass of the mirror is defined by:

~MCM =
3

∑

j=1

aj × ~Fj. (6.15)

Using the axiom of Euler, the three rotational equations of motion can be formulated as

follows:






Melev

Mξ

Mrot






= ~e1T







J1ω̇x − (J2 − J3)ωxωz

J2ω̇y − (J3 − J1)ωzωx

J3ω̇z − (J1 − J2)ωxωy






, (6.16)
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where Melev = Feleva3, Mrot = Frot,1a1 − Frot,2a2, Mξ = 0 and ωx, ωy and ωz are defined

by

ω1 = [ωx ωy ωz]
T . (6.17)

Note that ωx, ωy and ωz depend on ϕ, ξ and θ, while ω̇x, ω̇y and ω̇z depend on their first

and second order derivatives:

ωx = ϕ̇C(ξ)C(θ) − ξ̇C(ξ)S(θ)

ω̇x = ϕ̈C(ξ)C(θ) − ϕ̇ξ̇S(ξ)C(θ) − ϕ̇θ̇C(ξ)S(θ)

− ξ̈C(ξ)S(θ) + ξ̇ξ̇S(ξ)S(θ) − ξ̇θ̇C(ξ)C(θ), (6.18)

ωy = ϕ̇(C(ϕ)S(θ) + S(ϕ)S(ξ)C(θ)) + ξ̇C(θ)

ω̇y = ϕ̈C(ϕ)S(θ) − ϕ̇ϕ̇S(ϕ)S(θ) + ϕ̇θ̇C(ϕ)C(θ)

+ ϕ̈S(ϕ)S(ξ)C(θ) + ϕ̇ϕ̇C(ϕ)S(ξ)C(θ)

+ ϕ̇ξ̇S(ϕ)C(ξ)C(θ) − ϕ̇θ̇S(ϕ)S(ξ)S(θ)

+ ξ̈C(θ) − ξ̇θ̇S(θ), (6.19)

ωz = ϕ̇(S(ϕ)S(θ) − C(ϕ)S(ξ)C(θ)) + ξ̇S(ξ)S(θ) + θ̇

ω̇z = ϕ̈S(ϕ)S(θ) + ϕ̇ϕ̇C(ϕ)S(θ) + ϕ̇θ̇S(ϕ)C(θ)

− ϕ̈C(ϕ)S(ξ)C(θ) + ϕ̇ϕ̇S(ϕ)S(ξ)C(θ)

− ϕ̇ξ̇C(ϕ)C(ξ)C(θ) + ϕ̇θ̇C(ϕ)S(ξ)S(θ)

+ ξ̈S(ξ)S(θ) + ξ̇ξ̇C(ξ)S(θ)

+ ξ̇θ̇S(ξ)C(θ) + θ̈. (6.20)

The equations of motion following from the application of Newton’s law and the applica-

tion of Euler’s axiom can be rewritten in the following form:

M(q)q̈ +H(q, q̇) = S(q)τ , (6.21)

where q = [ϕ ξ θ]T and τ = [Melev Mξ Mrot]
T .
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Hence,

M(q) =







J1C(ξ)C(θ) −J1C(ξ)S(θ) 0

J2(C(ϕ)S(θ) + S(ϕ)S(ξ)C(θ)) J2C(θ) 0

J3(S(ϕ)S(θ) − C(ϕ)S(ξ)C(θ)) J3S(ξ)S(θ) J3






, (6.22)

where I3 is a 3 × 3 identity matrix and O3 is a 3 × 3 matrix with zeros,

H(q, q̇) =

































−J1(ϕ̇ξ̇S(ξ)C(θ) + ϕ̇θ̇C(ξ)S(θ) − ξ̇ξ̇S(ξ)S(θ) + ξ̇θ̇C(ξ)C(θ))

−(J2 − J3)ωxωz

J2(−ϕ̇ϕ̇S(ϕ)S(θ) + ϕ̇θ̇C(ϕ)C(θ) + ϕ̇ϕ̇C(ϕ)S(ξ)C(θ) + ϕ̇ξ̇S(ϕ)C(ξ)C(θ)

−ϕ̇θ̇S(ϕ)S(ξ)S(θ) − ξ̇θ̇Sθ) − (J3 − J1)ωzωx

J3(ϕ̇ϕ̇C(ϕ)S(θ) + ϕ̇θ̇S(ϕ)C(θ) + ϕ̇ϕ̇S(ϕ)S(ξ)C(θ) − ϕ̇ξ̇C(ϕ)C(ξ)C(θ)

+ϕ̇θ̇C(ϕ)S(ξ)S(θ) + ξ̇ξ̇C(ξ)S(θ) + ξ̇θ̇S(ξ)C(θ)) − (J1 − J2)ωxωy

































,(6.23)

S(q) =







1 0 0

0 1 0

0 0 1






. (6.24)

Realize that rotation of the mirror is only possible along ϕ and θ. Therefore the equations

of motion can be simplified considerably by defining x = z = 0 and ξ = ξ̇ = 0. The

equations of motion now reduce to:

Melev = J1(ϕ̈C(θ) − ϕ̇θ̇S(θ)) − (J2 − J3)ϕ̇C(θ)(ϕ̇S(ϕ)S(θ) + θ̇), (6.25)

Mrot = J3(ϕ̈S(ϕ)S(θ) + ϕ̇ϕ̇C(ϕ)S(θ) + ϕ̇θ̇S(ϕ)C(θ) + θ̈) − (J1 − J2)ϕ̇ϕ̇C(θ)C(ϕ)S(θ).

(6.26)

Substituting the earlier defined terms for the momentum forced upon the launcher mirror
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by the mirror suspension, the equations of motion finally read:

J1ϕ̈cos(θ) − J1ϕ̇θ̇sin(θ) − J2ϕ̇
2sin(ϕ)sin(θ)cos(θ) − J2ϕ̇θ̇cos(θ) + J3ϕ̇

2sin(ϕ)sin(θ)cos(θ)

+J3ϕ̇θ̇cos(θ) = Melev = Felev · a3 − belevẏ − kelevy − Ffric,

J3θ̈ + J3ϕ̈sin(ϕ)sin(θ) + J3ϕ̇
2cos(ϕ)sin(θ) + J3ϕ̇θ̇sin(ϕ)cos(θ) − J1ϕ̇

2cos(ϕ)cos(θ)sin(θ)

+J2ϕ̇
2cos(ϕ)cos(θ)sin(θ) = Mrot = Frot,1 · a1 − Frot,2 · a2 − brotẏ − kroty − Ffric,

(6.27)

where J1...3 is the mass moment of inertia, θ respectively ϕ the rotation and elevation

DOF. M is the angular momentum forced upon the mirror by the mirror suspension,

y the translational motion of the servo actuator driving shafts, k the stiffness of the

mirror suspension, b the damping coefficient of the mirror suspension and Frot,elev the

force delivered by the servo actuators in both DOFs. Ffric represent a nonlinear friction

component, for which several alternative friction models can be applied. Rearranging

terms, one can define:

ϕ̈ = (J1ϕ̇θ̇S(θ) + ϕ̇ϕ̇C(θ)J2S(ϕ)S(θ) + ϕ̇C(θ)J2θ̇ − ϕ̇ϕ̇C(θ)J3S(ϕ)(θ)

−ϕ̇C(θ)J3θ̇ + Felev · a3 − belevẏ − kelevy − Ffric)/(J1C(θ)), (6.28)

θ̈ = (−J3ϕ̈S(ϕ)S(θ) − J3ϕ̇ϕ̇C(ϕ)S(θ) − J3ϕ̇θ̇S(ϕ)C(θ) + ϕ̇ϕ̇C(θ)C(ϕ)S(θ)J1

−ϕ̇ϕ̇C(θ)C(ϕ)S(θ)J2 + Frot,1 · a1 − Frot,2 · a2 − brotẏ − kroty − Ffric)/J3, (6.29)

which should be integrated twice to obtain the rotation and elevation angles.

6.2 AC permanent magnet synchronous motor model

The next major part of the ECRH launcher installation to be described in terms of a

model is the servo drive system consisting of an AC permanent magnet synchronous

motor of type MA408F-B70-04-670 produced by Kollmorgen Seidel / Danaher Motion

GmbH, see Figure 6.2, and a servo amplifier of type ServoStar 600. Torque is produced

by the motor applying current control, as discussed earlier. Current control is digitally

implemented in the servo amplifier. Since this controller was considered as part of the

system dynamics in the previously conducted measurements, the current control loop

will also be taken into account in the modeling process.
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Figure 6.2: Schematic view of the actuator

In order to describe the dynamics of the AC permanent magnet synchronous motor, one

should first define a model for the electrical part in terms of electrical equations [56]:

va(t) = ea(t) +Raia(t) + La
d

dt
ia(t), (6.30)

where va(t) is a voltage supplied to the armature core of the motor, Ra is the resistance

of the stator winding of the armature, La the inductance of the stator winding and ia(t)

the current flowing through the windings. The term ea(t) is defined by

ea(t) = kEωm(t), (6.31)

where kE is the voltage constant and ωm(t) the angular velocity of the motor axis, which

is connected with the permanent magnet rotor of the electro-mechanical motor system.

Of course the motor also encompasses mechanical components, for which a model of the

dynamics is provided by:
d

dt
ωm(t) =

Tem(t) − TL

Jeq

, (6.32)

with Tem the electro-mechanical torque delivered by the motor, which together with the

motor constant kT and current ia(t) reads

Tem(t) = kT ia(t). (6.33)

Jeq respectively TL represent an equivalent mass moment of inertia as well as the torque

originating from the load connected to the actuator system.

Converting the electrical differential equations into the Laplace domain, one will find:

Va(s) = Ea(s) + (Ra + sLa)Ia(s), (6.34)
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or

Ia(s) =
Va(s) − Ea(s)

Ra + sLa

, (6.35)

Ea(s) = kEωm(s). (6.36)

Additionally an electrical time constant can be defined for this system yielding:

τe =
La

Ra

. (6.37)

Hence, equation (6.35) can be rewritten in terms of:

Ia(s) =
1/Ra

1 + s
1/τe

{Va(s) − Ea(s)}. (6.38)

Conversion of the mechanical equations into the Laplace domain reads:

ωm(s) =
Tem(s)

sJeq

, (6.39)

Tem(s) = kT Ia(s). (6.40)

As mentioned the model derived for the servo drive system will additionally contain a

model for the current (torque) control loop. The components of this control loop can be

modeled based on information provided by the manufacturer of the actuator and servo

amplifier. Figure 6.3 shows a block diagram for the current (torque) control loop as

implemented for the system under consideration.

I* sa ( )

I sa ( )

V sc ( ) V sa ( ) I sa ( ) Tem

PI kPWM kT

E sa ( )

e
sτ1

a
/R1

eq
sJ

1

m
ω

sT
e

eq
sJ

T
k

E
k

s

1

m
θ

1s0.01

s0.03

HP
k-

+ +

Figure 6.3: Current (torque) control loop

In addition to the equations derived this block-scheme introduces a gain kPWM repre-

sentative for the pulse width modulation. Additionally the current (torque) control loop

involves a stabilizing controller, which guarantees a constant current delivered to the

electro-mechanical motor and ultimately results in a constant motor torque. The pre-

sented design encompasses a proportional integral (PI) controller, which is in general

defined by:

GPI(s) = (kp +
ki

s
) =

ki

s
[1 +

s

ki/kp

], (6.41)
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where kp is the proportional gain, and ki is a constant, which can be used to shape

the integral action. The measurements performed in the previous sections have already

demonstrated the presence of a time delay, which is taken into account in the model by

the block e−sT . Furthermore a high-pass filter is added to the set of equations.

Based on these considerations, the transfer functions for the servo drive system including

its current control loop can be derived resulting in the following open- and closed loop

expressions:

Gol(s) =
Ia(s)

I∗a(s)
=

1/Ra

1+ s
1/τe

1 + 1/Ra

1+ s
1/τe

kEkT

sJeq

kPWM
ki

s
[1 +

s

ki/kp

], (6.42)

Gcl(s) =
ωm(s)

I∗a(s)
=

Gol(s)

1 +Gol(s)
kT

1

sJeq

, (6.43)

Gcl(s) =
ωm(s)

I∗a(s)
=

ki

s
[1 + s

ki/kp
] kPWM kT

RasJeq +Ras2JeqτekTkE + sJeq kPWM
ki

s
[1 + s

ki/kp
]
. (6.44)

Note that these transfer functions are derived with a current as input and the speed of

the motor axis as output. In order to derive the transfer from current input to position

output, the transfer should be integrated once, i.e. multiplied by 1
s

in the Laplace

domain. Furthermore, the gain of the high pass filter kHP
0.03s

0.01s+1
, is determined to ap-

proximate kHP = 0.000079577. The parameter T of the time delay e−sT equals T = 0.0012.

Table 6.1 presents relevant technical data and parameters for this model of the servo

actuator and control loop implemented in the servo amplifier.

Using the previously derived equations and technical data and parameters, the model of

the current controlled motor can be simulated. Figure 6.4 shows a bode diagram with the

model depicted as a straight line and real FRF measurements for the motor describing

the response from current input to motor axis angular position output depicted as dotted

lines. The angular position of the motor can be translated into the linear position y

of the motor axis via a conversion factor. As mentioned, translation of the motor axis

results in actuation of the mirror suspension.
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Table 6.1: Technical data current control loop servo actuator

Parameter Value Description

Ra 2.61 [Ω] Resistance of winding

La 6.54 [mH] Inductance of winding

Jeq 160 × 10−6 [kgm2] Moment of inertia

kE 0.420 [V s/rad] Voltage constant

kT 0.727 [Nm/A] Torque constant

kPWM 12 Gain of PWM converter

τe La/Ra Electrical time constant

τm 1.18 [ms] Mechanical time constant

kp 0.78 Proportional gain controller

ki ωcIRa/kPWM Integral gain controller

ωcI 2π70 [rad/s] Crossover freq. controller
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Figure 6.4: Bode diagram
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6.3 Friction model

The linear equations of motion derived for the launcher system will additionally require

an incorporated nonlinear friction component, which is modeled in terms of the Leuven

friction model described in [60]. Friction is assumed to arise as a result of contact on a

microscopic asperity level between two surfaces. This is visualized in the model by two

rigid bodies that make contact through elastic bristles. These bristles are modeled as

spring-like components with an average deflection z. The friction force generated from

bending of these bristles can be defined as

Ffric = Fh(z) + σ1
dz

dt
+ σ2ẏ, (6.45)

Fh(z) = Fb + Fd(z), (6.46)

dz

dt
= ẏ

(

1 − sign

(

Fd(z)

S(ẏ) − Fb

) ∣

∣

∣

∣

Fd(z)

S(ẋ) − Fb

∣

∣

∣

∣

n)

, (6.47)

S(ẏ) =
(

Fc + (Fs − Fc) e
−(ẏ/vs)δ

)

sign(ẏ), (6.48)

where σ1 is the micro-viscous damping coefficient, σ2 the viscous damping coefficient, ẏ

the velocity of the moving object, Fh the hysteresis friction force, Fd a point symmetrical

strictly increasing function of z, S(ẏ) the constant velocity behavior when sliding, n an

exponent similar to the exponent in a general Dahl model, Fb the value of Fh(z) at the

beginning of a transition curve, Fc Coulomb friction, Fs static friction, vs the Stribeck

velocity and δ an arbitrary exponent.

As observed from the FRF characterization in Chapter 5, stick-slip behavior is the

dominant factor in the friction characteristics encountered for the system. In principle the

introduced model should be sufficient to compensate for this nonlinear friction behavior.

However, it is quite difficult to estimate the parameter values of the Leuven model and

achieve agreement between the model and actual system behavior encountered. Note

that the stick-slip friction characteristics encountered in the experimental data are of

concern for tracking of TMs, since tracking requires only small launcher movements,

which justifies the need for a model. In future operation of the ECRH launcher system,

typically for TM tracking, adequate friction compensation will play a dominant role in

reliable and accurate operation of the system.



Chapter 7

Cascaded controller design

7.1 Cascaded control structure

Cascaded control structures are commonly used for control of motor drives in industrial

environments because of their flexibility [56]. The cascaded control loop design comprises

three distinct loops, i.e. a current or torque control loop, a speed control loop and a

position control loop. As shown in Figure 7.1 the respective loops are superimposed on

each other, where the innermost loop is formed by the current feedback loop and the

outermost loop regulates the position. This control structure usually applies classical PID

controllers for stabilization of the subsequent loops. The bandwidth thereby increases

towards the innermost loop. Hence, for a proper design, the current (torque) control loop

must posses the fastest response characteristics.

Figure 7.1: General architecture cascaded control loop

It has already been noted that the AC permanent magnet synchronous motors applied

for actuation of the ECRH launcher, involve an additional current control loop. Since

the current input provided to the actuator is directly proportional to the actual torque,
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which is ultimately delivered to the rotor axis, the current controller in the cascaded

structure will result in a constant torque.

The system measurements and modeling performed in the former chapters will now be

exploited to derive dedicated controllers for the cascaded control loop of the ECRH

launcher system. Since the FRF measurements conducted previously, considered the

closed current (torque) control loop as part of the servo actuator dynamics, it is assumed

that a derived model based on these measurements sufficiently describes the closed

loop behavior of the current control loop. Therefore, this chapter will only involve the

design of the speed and position control loops of the cascaded structure. Controllers

are obtained using a frequency domain tuning procedure [61], which exploits estimated

transfer function models of the system dynamics, retrieved from the measured, real FRF

estimates using the frequency response fit routine ’frfit’.

7.2 Frequency domain tuning of the speed loop

Similar to the results obtained in Chapter 5, Figure 7.2(a) shows a typical FRF

measurement for the rotational DOF of the ECRH launcher. Based on this measurement,

an estimated transfer function model H(s) is defined in the Laplace domain using the

’frfit’ routine. This transfer function represents the response of the overall mechanical

launcher system including its servo actuators, operated with closed loop current (torque)

control. Hence, the input-output relation is defined for an analog torque input, while

the translational velocity of the suspension between servo actuator and steerable mirror

serves as output. The estimated difference between the transfer function model and the

actual measurement is visualized in Figure 7.2(b).

As observed the model is in rather good agreement with the actual FRF measurement,

especially in the lower frequency range. One might note that the ECRH launcher sys-

tem typically requires only limited bandwidth. Hence, the presented model is most likely

sufficient for the design of the controllers. One may now proceed with the definition of

a stabilizing controller for the speed control loop, consisting of a standard proportional

integral (PI) controller, a lead/lag compensator, and a first order low-pass filter as defined

by

Cspeed(s) = k1 ·
s+ 2π · f1

s
·

1
2π·f1/3

· s+ 1
1

2π·3·f1

· s+ 1
·

k2

1
2π·f1/3

· s+ 1
. (7.1)
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Figure 7.2: Torque control loop (a) Bode diagram and (b) Plant/model mismatch

Combination of a PI controller and a lead/lag compensator is often used as an equivalent

for a standard PID controller. The lead/lag filter compensates the phase margin of the

control system. The low-pass filter is applied to guarantee that enough amplitude and

phase margin is taken into account, especially in the higher frequency range. Employing

a tuning procedure to select the appropriate gains k1 and k2 and the desired cross-over

frequency f1, one will find a controller, which yields the open- and closed loop responses

as depicted in Figure 7.3. From the open loop response one can easily determine that the

bandwidth of the speed control loop is about 40 [Hz] for this particular controller, while

the sensitivity and Nyquist plots in Figure 7.4 reveal that stability of the control system

is guaranteed, if the ”frfit” model behavior is considered only. However, stability of the

overall system will be guaranteed by the position control loop as shown later.
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Figure 7.3: Speed control loop (a) Open loop system and (b) Closed loop system
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Figure 7.4: Speed control loop (a) Sensitivity function and (b) Nyquist diagram

7.3 Frequency domain tuning of the position loop

The closed loop FRF of the speed loop, given in Figure 7.3(b), serves as a plant model

in the design of the position control loop. This input-output relation describes the

response of the actuator system on a desired velocity trajectory, while its actual velocity

serves as measured output. In order to proceed with the position control design one

should integrate this transfer function once to describe the velocity-position response of

the system as depicted in Figure 7.5(a). The estimated mismatch between the transfer

function model and the actual measurement is visualized in Figure 7.5(b). Note that the

plant model resembles an integrator in the range from 0 to 10 [Hz], which can typically

be concluded from the observed slope of 20 [dB] per decade and the phase angle of −90◦

in this frequency envelope.
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Figure 7.5: Speed control loop (a) Bode diagram and (b) Plant/model mismatch

Control of the position loop, based on this description of the other control loops, is ac-
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complished through a standard PI controller, defined as:

Cposition(s) = k3 ·
s+ 2π · f2

s
. (7.2)

Employing a similar tuning procedure as in the previous section, an appropriate gain k2

and cross-over frequency f2 is selected again.
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Figure 7.6: Position control loop (a) Open loop system and (b) Closed loop system

Figure 7.6 shows the open- and closed loop responses of the position control system.

From the open loop response one can conclude that the bandwidth of the controlled

system is now reduced to about 8 [Hz], which is in agreement with the statement that

cascaded control requires the bandwidth to increase towards the innermost loop. The

sensitivity and Nyquist plots in Figure 7.7 once again clarify that stability of the control

system is obtained, while enough amplitude and phase margin is taken into account.
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Figure 7.7: Position control loop (a) Sensitivity function and (b) Nyquist diagram

Further investigation of the particular controllers designed for the launcher control loops

has been conducted by implementation of the control structure including the estimated
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plant model and the derived controllers in a Simulink simulation environment. A setpoint

trajectory as depicted in Figure 7.8 has been applied to the cascaded control structure.

Control system response on the reference for pure cascaded feedback as well as with

additional torque and speed feed-forward is depicted. Application of feed-forward reduces

the response time and servo error considerably. Evaluating the output signal of the

overall control loop, one can conclude that the response of the system on the setpoint is

stable and the trajectory is followed quite accurately. The servo error is plotted in the

graph as well.

From the results one is able to conclude that the designed control structure including

the derived controllers is able to guarantee stable dynamic behavior of the ECRH

launcher system. As observed, the controlled system is able to rotate the launcher mirror

by approximately 25◦ in 100 [ms] with a maximum positioning error of 0.4◦, which

corresponds to a servo actuator translation of 0.30 [m] in 100 [ms], with a maximum

positioning error of 5 · 10−3 [m]. Hence, performance is well within the earlier specified

requirements of a 10◦ rotation in 100 [ms], with a positioning accuracy of 1◦. Since the

experiments in terms of Frequency Response Function measurements revealed that both

the rotation and elevation axes of motion display comparable dynamic behavior, similar

control structures and controllers can be applied for both DOFs simultaneously.
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Figure 7.8: Time domain control signals for Simulink simulation of the cascaded control

loop



Chapter 8

Advanced tearing mode control

In the previous chapters, the dynamical analysis of the ECRH launcher has reached the

point at which it can be applied in the derivation of controllers for the system, while

control performance agrees with the requirements for effective tearing mode suppression.

Continuing this first step in the consideration of TM stabilization and control in

tokamaks from a control system engineering perspective, this chapter introduces ideas

for application of other control techniques to this problem.

8.1 Control system simulation

Control system design is generally based on modeling of process dynamics, which

describes the relation between all inputs and outputs of a system. Development of

TM control scenarios, dedicated to the TEXTOR ECRH installation, will benefit

of extensive simulation incorporating mechanical as well as relevant physics models.

Derivation of controllers usually requires only approximating dynamic system mod-

eling and therefore most present plasma physics models will require simplification.

Of course these models should sustain agreement with theoretical and experimental

verifications. Robust controllers, designed and validated throughout these procedures,

should, for example, be capable of magnetic island stabilization on different flux

surfaces and localization and tracking of fluctuating or perturbed islands. Furthermore

it might be more beneficially to stabilize sawtooth instabilities that occur deeper in

the plasma and are believed to act as a ’seed’ for the occurrence of the TMs. Since

these instabilities are located deeper in the tokamak plasma, stabilization by means of

ECRH might be more challenging from a control perspective than the suppression of TMs.
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As discussed in chapter 3 an attempt towards development of an integrated simulation

approach for TM suppression and stabilization has been introduced by researchers at

DIII-D [50]. An approximation of relevant tokamak plasma features is modeled in the

so-called DINA-code, which is integrated in a Simulink environment. The major part

of this code is based on the Rutherford equation [39], which describes the growth rate

of a magnetic island, where all relevant factors, which result in triggering, occurrence,

growth, stabilization, heating and current drive are taken into account. Modeling in this

area is motivated by the fact that improved models will both further enhance physical

understanding and lead to robust control systems that extend the operational regimes of

tokamaks.

8.2 Alternative control techniques

To further enhance the potential of TM control, one could also think in terms of

alternative control schemes and derivation of more complex and robust controllers, which

requires extensive validation and testing in a simulation environment before application

in an actual system. Repetitive control techniques might, for example, be applicable to

the TM suppression problem, since in a fixed coordinate frame, local distortions caused

by the islands typically constitute periodic phenomena. In mechanical systems, repetitive

control combines actual feedback control with the derivation of improved feed-forward

signals to enhance control performance in subsequent trajectory repetitions. In the

sense of TM stabilization, repetitive control could potentially offer enhanced suppression

due to control of the gyrotron power in phase with periodic oscillations of the island width.

In TEXTOR, magnetic islands are typically linked to the magnetic fields applied upon

the plasma by the Dynamic Ergodic Divertor (DED), which provides a unique facility to

generate islands ’on demand’. The periodicity of the islands and their perturbations is

therefore very reproducible. Hence, the TEXTOR tokamak is suited for a first attempt to

design feedback and repetitive control laws. However, as stated before, this will require

experimental estimation of dynamic models, which must be implemented in simulation

models to design and validate the controllers. After considerable experience has been

gained with the control techniques, an experimental implementation will be required to

provide a validation of the control concepts.
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In addition to the line of sight ECE diagnostic, planned to be installed in the TEXTOR

ECRH installation, control systems can in addition make use of other diagnostics

for location of island width and position. Other relevant control parameters include

the launcher angles, the gyrotron power, the modulation frequency of the gyrotron

power as well as the shape of the power profile. MIMO controllers should be applied

to make intelligent use of all these inputs and provide each subsystem of the ECRH

installation with appropriate inputs, while actuator saturation and disturbance rejection

is taken into account. Many elements of these dedicated TM suppression and plasma

stabilization methods will possess a high level of complexity, but specific control exper-

tise is readily available in different engineering disciplines and well applicable for this task.



Chapter 9

Conclusions and recommendations

Throughout this thesis it has been clarified that generation of nuclear fusion energy

by means of a tokamak has potential to cover future energy demands but still requires

a dedicated development route. Many physics related issues have been investigated

thoroughly and research in this area has helped physicists to understand fusion physics.

However, in order to be able to build a future generation of energy producing tokamaks,

a big effort, both from the plasma physics community as well as the engineering field, is

required. It has been shown that especially for control engineering a variety of tokamak

related control issues can be defined, some of which have been addressed by contributions

in this area, while other problems are still open.

Sofar most control related fusion problems have relied on simple but adequate and robust

control approaches. From an engineering perspective, however, control has much more

to offer and will be of invaluable importance to achieve stable steady state operation of

fusion plasmas. Examples on plasma position and shape control, control of the plasma

unstable vertical positioning, control of plasma parameters etc have been discussed.

Dedicated control of instabilities is also required. Control techniques adopting classical

feedback control, multi variable control, H∞, µ−analysis etc. have been demonstrated in

literature for several fusion related topics.

This thesis particularly considered stabilization of so-called Tearing Modes (TMs) as an

example of a plasma instability, which demands for an active real-time control solution.

As discussed, specific control expertise, e.g. on modeling of process dynamics and system

identification, is well applicable for this task. An introduction in the basic physics related

to tearing modes, their detection and suppression has been given. As discussed, these

magnetic islands can be suppressed and stabilized adopting actively controlled, localized
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injection of EC waves in the tokamak plasma. Examples of alternative detection, stabiliza-

tion and control methods, found in literature, have been discussed. A practical example of

a system to achieve controlled microwave power deposition is given by the ECRH installa-

tion operated at the TEXTOR tokamak, which has been considered in detail in this thesis.

The most important contribution of the work reported here focussed on modeling and

control for the mechanical element, which couples the ECRH power into the tokamak

plasma in a very localized, accurate and efficient way. A detailed technical description

of this mechanical launcher with a 2 rotational DOFs steer-able mirror has been given.

Requirements in terms of the speed of response of this system were formulated in terms

of a 10◦ rotation in 100 [ms], with a positioning accuracy of 1◦, which is based on a

typical island growth rate of 10 [ms] or more. Observations based on Frequency Response

Function estimation and several other measurements were conducted for this mechanical

system. The FRF estimation clarified that the system possesses rich dynamic behavior.

Anti-resonances, a time-delay and comparable dynamic features were observed in the

FRFs of both axes of motion. MIMO analysis of the FRF estimates revealed that the

anti-resonances observed in the auto-term FRFs are causally connected to resonances in

the opposite axis of motion at the same frequency (as shown in the cross-term FRFs).

Furthermore, it was demonstrated that excitation of the launcher with torque input

signals at different linearly increasing RMS levels resulted in a non-linear transition of

the obtained FRFs. This non-linear behavior is attributed to stick-slip friction, which

is dominant in this mechanical system. For tracking of TMs this non-linear behavior is

of particular concern since the system is then expected to be operated in the stiction

regime. Separate analysis of the servo actuators of the launcher additionally revealed

that the global launcher dynamics are dominated by the actuators. The major part of the

encountered friction also originates from these electro-mechanical motors. The observed

resonance events and other dynamic features, however, are directly related to the mirror

suspension. As mentioned dynamics are comparable for both axes of motion, which is

obviously a result of the symmetric design of the launcher. Therefore, position-dependent

dynamics are not encountered in the system.

In addition, the mechanical launcher behavior during normal operation of the TEX-

TOR tokamak has also been investigated. Operation of the system is by no means

constrained by the fact that it is integrated in a vacuum environment. Measurements

on the acceleration of the mirror actuation axes were applied to obtain insights in the

propagation of disturbances originating from the tokamak and its subsystems as well



9 Conclusions and recommendations 81

as their influence on the dynamics of the launcher system. Measurements demonstrated

a clear response of the acceleration sensor to the ramp up of magnetic field and the

presence of the plasma. Periodic disturbances at several frequencies were encountered.

However, the observed energy levels of the disturbing events are most likely not high

enough to cause actual motion of the launcher or to result in forces generated by induced

currents in the metallic parts of the system. Next it was demonstrated by an example

that relevant control signals (such as potentiometer signals) might suffer from aliasing

of higher frequency disturbances if sample frequencies are not properly chosen or if the

signals are not properly acquired and post-processed. Applying such disturbed signals

in a control loop might deteriorate performance of the total feedback system. Therefore

careful data-acquisition should be taken into account.

Based on system identification and characterization a model was derived in terms of

equations of motion. The kinematics and dynamics of the mirror suspension were derived,

electro-mechanical equations were obtained for the servo actuators as well as their

amplifiers and the equations of motion are additionally equipped with a nonlinear friction

model. Furthermore a ’frfit’ procedure has been applied to retrieve a transfer function

estimate of the Frequency Response Function for one axis of motion of the launcher. A

cascaded control structure has been designed based on this estimated system response.

The respective speed and position controllers were obtained from a frequency domain

tuning procedure. Application of additional speed and torque feed-forward in the control

loop and assessment of the control performance by means of closed-loop simulation leads

to the conclusion that the speed of response and accuracy of the controlled mechanical

system are well within the earlier specified requirements of a 10◦ rotation in 100 [ms],

with a positioning accuracy of 1◦, while stability and robustness are guaranteed. In

addition, these controllers will guarantee proper functioning of the system in an overall

real-time feedback control structure for suppression and stabilization of magnetic islands.

Future directives in the field of TM suppression and plasma stabilization will require much

more control expertise, e.g. on modeling and system identification, readily available in

control engineering. Sufficient physics-based control models must be derived to simulate

controllers in an integrated simulation environment both incorporating physics and

electro-mechanical models. Control design approaches to derive optimal, robust control

solutions will benefit of extensive simulation in such model-based control structures.

Careful verification and calibration with existing plasma physics models should be

considered during this design process.
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Application of techniques such as repetitive control might offer an even larger potential,

for example in the controlled modulation and deposition of gyrotron power in phase with

the appearance of the island O-points. Controllers should in principle also be able to

stabilize magnetic islands on different flux surfaces, while controlled deposition of ECRH

power is also able to achieve stabilization of sawtooth instabilities, which are located

deeper in the plasma which is even more demanding in terms of the control actions

required. In conclusion fusion physics is a challenging area, where many interesting

problems need a joint effort and collaboration between physicists and engineers.



Appendix A

Technical data servo actuator

Description Parameter Value Eenheid

Voltage of intermediate circuit of converter UDC 330 [V]

Standstill values

Standstill torque M0 3 [Nm]

Standstill current I0 4.2 [A]

Torque constant kM 0.727 [Nm/A]

Rated values of the motor

Rated voltage UNMOT 145 [V]

Rated torque MN 2.52 [Nm]

Rated current IN 3.62 [A]

Rated speed nN 3000 [min−1]

Rated power output PN 792 [W]

Voltage constant KE 44 [Vmin/1000]

Voltage constant kE 0.420 [Vs/rad]

Overload capacity at rated speed

Overloading capacity at rated speed M0 8.2 [Nm]

Max. overloading capacity at rated speed M0/MN 3.24 [-]
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Description Parameter Value Eenheid

Values of the motor at max. supply voltage U1

Max. values of the motor

Max. torque Mmax 12.9 [Nm]

Max. current Imax 20 [A]

Max. speed nmech 9000 [min−1]

Limit point

Current Ic 20 [A]

Breakdown torque Mc 12.08 [Nm]

Speed nc 2309 [min−1]

Max. utilizable parameters for S1

Max. utilizable speed nnutz 4023 [min−1]

Max. utilizable torque Mnutz 2.36 [Nm]

Max. utilizable power output Pnutz 994 [W]

No-loading running (IandM = 0)

No-load speed n0 4318 [min−1]

Technical features

Number of poles p 6 [-]

Resistance of winding RU−V 2.61 [Ω]

Inductance of winding LU−V 6.54 [mH]

Moment of inertia J 0.16 [kgm2/1000]

Mass m 4.6 [kg]

Axial load FA 114 [N]

Radial load FR 404 [N]

Average speed nmitt 1500 [min−1]

Mechanical values of the motor

Static friction torque Mr 0.05 [Nm]

Damping constant kD 1.8 [Nm.min.10−5]

Mechanical time constant Tm 1.18 [ms]

Thermal values of the motor

Thermal resistance (winding-ambient atm.)

Thermal resistance (frame-ambient atm.) Rth(RU) 0.71 [K/W ]

Thermal time constant Tth 30.2 [min]
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